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INTRODUCfnoy. 

Tms  book  is  intended  ba  a  t«x}-li(iolc  iinH  Ittbnrmtory 
manual  for  heginnera  in  the  aystcnialic  xtudy  of  pbraica. 
Thoiigii  written  originally  with  espwiai  refertnce  tn  the 
requirement  in  elementary  experiniwital  phywcs  for  ad- 
mission to  Harvard  College  and  the  l.*wTence  Hdeotilio 
School,  it  is  believed  to  be  in  full  accord  »-ith  the  reccnn- 
mendatioDS  of  the  National  Educational  Association*  and 

•Addresses  and  Proceedinga  for  1899; 

"Your  comiaittee  suggnitH  that  an  effective  woricins  bamm  for  ■ 

secondary-Bchool  coiirsp  in  nhvfirs  would  hi"  altaiufMi  l.v  filanning 
such  a  coursf  si)bafantLal!y  in  n....r.Un<;-  nirl,  t^:-  ;..!I.>imfi[;  f.n.,-",- 

sitions: 

"1.  That  in  public  high  schools  and  schools  prpparatory  fir 
college  physics  be  taught  in  a  rourse  occupying  out  less  than  o~" 


year  of  daily  exercises,  more  than  this  amount  of  time  lo  be  taken 
for  the  work  if  il  is  begun  earlier  than  the  next  to  the  last  year  oE  the 
school  course. 

"2.  TTiat.-tBacouiw.-of  phyr"ic9  JiIcBade  alai^  amount  of  labora- 
tory work,  mainly  i]uant>itative,  done  by  the  pupils  under  the  care- 
ful direction  of  -i  ::on>i)>!{«nt  j'structor  and  recorded  by  the  pupU 
in  a  note  book.  ;    "■;,-■      •  '    - 

"3.  That  aueh  laboial-ory  wflrlr,  including  the  keeping  of  a  note- 
book and  the  ■Vorki^ig-'out  of  -p.iu'ta  from  laboratory  olraervations, 
occupy  approximately -oni-han  at 'the  whole  time  given  to  physics 
by  the  pupil. 

"4.  That  the  course  alao  include  instruction  by  text-book  and 
lecture,  with  C]uaKtative  experiments  by  the  instructor,  elucidat- 
ing and  enforcing  the  laboratory  work,  or  dealing  with  matters  not 
touched  upon  in  that  work,  to  the  end  that  the  pupil  may  gain 
not  merely  empirical  knowledge,  but,  so  far  as  this  may  be  practi- 
cable, a  comprehensive  and  connected  view  of  the  most  important 
facta  and  laws  in  elementarv  physics.  j  lu  *  o 

"5.  That  coUege-admissi'on  requirements  be  so  framed  that  a 
pupil  who  has  successfully  followed  out  such  a  course  of  P"y^"^^.^ 
that  here  described  may  offer  it  toward  satisfying  such  re<viire- 
men    .  ^^ 


1"  INTRODUCTION. 

with  the  Definitions  of  Requirements*  of  the  College 
Entrance  Examination  Board. 

The  laboratory  Exercises  of  the  book  are,  save  in  a  few 
unimportant  particulars  identical  with  those  given  in  the 
Har\-arcl  Descriptive  List  o/  Elementary  Exercises  in  Phys- 
ics, as  revised  in  1903. 

The  second  edition,  of  the  boob,  issued  in  1897,  was 
divided  into  a  First  Part  and  a  Second  Part,  the  former 
intended  for  pupils  a  year  or  two  younger  than  those  tak- 
ing the  latter;  and  certain  subjects,  Liquids  and  Gases, 
Composition  and  Resolution  of  Forces,  Gravity  and 
Centre  of  Gra-vity,  begun  in  the  First  Part  were  taken 
up  again,  for  more  thorough  treatment,  in  the  Second 
Part.  The  present  etlition,  the  third,  abolishes  thk  dia- 
contuiuity  and  puts  the  substance  of  Chapters  XIV,  XV, 
and  XVI  of  the  second  edition  into  the  early  part,  thus 
shortening  and  simplif  j-ing  the  book.  On  the  other  hand, 
the  Pendulum  is  put  farther  on,  into  connection  with  Mo- 
mentum, etc.  This  rearrangement  involves  a  renumbering 
of  some  of  the  Exercises,  which  are.  for,  the  most  part, 
not  greatly  changed  in  ^'tteir'  litest  cevisicM^,-  Alongside 
the  new  number  at  the  head  oi  s^ch  Eyerjise  its  old  munber 
is  given  in  parenthesis.  .■:     ;\[:'..- 

The  chapter  on  Properties,  of -,SoHd;-Bod.;es  and  the 
chapters  on  dynamics,  as  diBt^^jgui-^bftt Srixa  statics,  re- 
main unchanged  in  relative  position,  following  Light 
and  preceding  Heat,  ejcperience  having  sho^Ti  that  ia 
^ve  the  statical  and  dynamical  aspects  of  mechanics 
in  unbroken  sequence  to  young  students  of  no  great  pro- 
clivity for  physics  is  to  make  them  weary  of  the  subject, 
and  dull.  Indeed,  when  inertia,  acceleration,  momentum, 
kinetic  enei^,  etc.,  are  at  length  taken  up,  it  is  hardly  to 
be  expected  that  a  class  will  master  all  of  these  ideas  and 

*  Document  No.  2  of  the  piiblifMiona  oi  the  Board.  b 
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their  relations  in  one  continuous  effort.  It  is  well,  after 
a  vigorous  survey  of  this  part  of  the  field,  to  go  on  into 
the  experimental  treatment  of  heat,  returning  for  a  few 
minutes  at  frequent  intervals  to  those  dynamical  notions 
which  are  so  intimately  connected  with  the  phenomena 
of  heat. 

The  writer  wishes  to  emphasize  the  oft-repeated  recom- 
mendation that  classroom  work  and  lecture-table  demon- 
strations be  given  quite  as  much  time  and  attention  as  the 
laboratory  work  proper.  Some  teachers  apparently  try 
to  have  their  classes  do  as  many  laboratory  exercises  as 
possible,  in  the  belief  that  direct  experience  is  a  sure  way 
and  the  only  way  to  comprehensive  and  useful  knowledge. 
This  is  a  mistake.  It  is  quite  possible  for  a  boy  to  spend 
scores  of  busy  and  well-intentioned  hours  in  the  laboratory 
without  being  able,  at  the  end  of  his  work,  to  give  any 
fairly  intelligible  account  of  what  he  has  been  doing. 

The  numerous  qualitative  experiments  described  in 
this  book,  though  not,  as  a  rule,  intended  for  performance 
by  members  of  a  class,  are  especially  commended  to  the 
attention  of  teachers  and  students. 

The  general  method  of  the  book  remains  unchanged. 
The  attitude  of  mere  verification,  in  the  Exercises,  of 
statements  previously  made  is,  for  the  most  part,  care- 
fully avoided.  On  the  other  hand,  the  fact  is  recognized 
that  the  young  student's  power  of  independent  discovery 
and  generalization  is  very  limited.  Accordingly,  the 
Exercises  are  intended  to  be  definite  tasks,  requiring  im- 
prejudiced  and  rather  careful  observations  for  the  getting 
of  data  and  a  respectable,  though  not  impossible  or  im- 
practicable, bit  of  cogitation  in  working  out  a  result  from 
these  data. 

In  determining  both  the  substance  and  the  form  of  the 
laboratory  record  tbo  student  should  ask,  not  so  much 
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what  kind  of  record  college  examiners  or  other  examiners 
may  require,  but  rather  what  kind  of  record  will  be  most 
serviceable  to  himself  in  reviewing.  He  should  keep  the 
note-book  in  such  a  way  that  it  will  readily  recall  to  his 
mind  the  purposes,  methods,  and  results,  of  the  several 
exercises  performed.  The  record  should  be  well-ordered, 
plainly  legible,  and  concise.  Simple  drawings  are  tiie 
briefest  and  best  descriptions  of  most  apparatus.  Long 
repetitions  of  directions  or  descriptions  given  elsewhere 
should  be  avoided. 

The  attention  of  teachers  is  called  to  the  Hivis  About 
Omitting  which  follow  this  Introduction. 

Lists  of  apparatus  for  the  whole  book  have  been 
made  with  care  and  printed  in  Appendix  I.  Well-known 
manufacturers*  in  Boston  and  elsewhere  will  undertake 
to  furnish  everything  at  a  reasonable  price  and  nearly 
everything  at  very  short  notice. 

Many  teachers  and  manufacturers,  some  of  whom  are 
mentioned  by  name  in  the  following  pages,  have  con- 
tributed to  form  of  the  course  of  study  or  to  form  the 
apparatus,  as  these  now  appear.  A  few  acknowledgments 
previously  made  it  has  seemed  unnecessary  to  repeat. 

The  fact  that  Mr.  Bergen  has  for  the  past  eight  or  ten 
years  devoted  his  attention  with  very  great  success  to 
botany,  and  is  now  living  abroad,  has  left  the  work  of 
preparing  this  edition  entirely  to  the  other  one  of  the  origi- 
nal collaboratora. 

E.  H.  H. 
—  -August  19,  1903. 

•  The  ChicDgo  Laboratory  Supply  and  Scale  Company,  39  W. 
Randolph  St.,  Chicago,  111. 

The  Franklin  Laboratory  Supply  Company,  Harcourt  St, 
Boston,  Mass. 

The  A.  W.  Hall  CoinpHny,  141  Franklin 

The  L.  E.  Knott  Compajiy,  18  Ashburton  Place,  Boston,  Mass.  I 


■  HINTS  ABorr  oMimNa 

This  book  l&ya  out  mor?  labonitoTj  work  thaa  Um  of^amrf 
school  eyet«ni  can  br  exp«-ted  to  inrJudp  in  tbn  ttr*r  fnlttn.  A^ 
cordingly,  it  seeniB  MtviMj>le  to  indicate  rertoin  p*na  whicb,  tbou^ 
suitable  for  some  classM.  atr  periiajw  too  tfiffieult  or  too  Miy  'or 
the  Rverage  class  io  Iht  later  years  of  school. 

Exercise  5,  Weight  of  Water  IHB|dac«d  bv  »  Flokling  Body, 
should  be  omitl«d  from  the  laboratory  woik  of  mature  pu|nl>. 
The  principle  involved  in  this  exercise  is  very  importjuit;  but  it  is 
very  easily  perceivfrd  and  is  very  easily  denMOStrated  to  a  whole 
elasB  by  means  of  a  lecturt^table  experiment. 

Exercise  II,  Hie  Str^bt  Lever:  First  Class,  can  well  be  omitted 
OD  the  ground  that  the  principle  revealed  by  it  is  already  well  known 
to  many  pupils  and  is  capable  of  easy  lecture-table  illustrations. 

Exercise  14,  Force  exerted  at  the  Fulcrum  of  a  Lever,  also  teaches 
a  truth  which  can  be  regarded  ea  almost  self-evident  after  what 

Exercise  22  can  well  be  omitted  if  Exercise  23  is  token.     I'he 
concave  mirror  is  practically  much  more  important  than  the  con- 
Exercise  25,  Index  of  Refraction  of  Water,  is  hardly  necessary 
it  Exercise  24,  Index  of  Refraction  of  Glass,  is  taken. 

Exercises  30-35  (old  2fr-31)  and  the  whole  Chapter  XV  contain- 
ing them  can  be  omitted  altogether  with  very  little  effect  on  the 
rest  of  the  course.  In  "Physics  B,"  a  course  given  in  Harvard 
College  according  to  the  directions  of  this  book,  Exercises  32  and 
35  are  usually  oniitted,  the  others  of  this  section  being  taken. 

Exercises  37  and  38,  on  Collision,  are  rather  formidable,  and  it 
may  he  well  to  omit  them  in  some  schools,  though  they  are  im- 
portant. 

If  either  of  Exercises  41  and  42,  on  the  behavior  of  a  Heated 
Gas,  is  to  be  omitted,  it  should  be  the  latter,  as  it 'iattiemoift\,tw^\ft- 
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some.  These  exercises  are  readily  combined  so  that  one  measure- 
ment of  length  of  air-column  at  0°  C.  serves  for  both. 

Of  Exercise  44,  Latent  Heat  of  Melting,  and  Exercise  46,  Latent 
Heat  of  Vaporization,  either  can  well  be  omitted  if  the  other  is  taken 

Exercise  47,  Velocity  of  Sound  in  Open  Air,  is  impracticable  for 
most  city  schools. 

The  substance  of  Exercise  48,  Wave-length  of  Sound,  can  be  given 
in  a  striking  lecture-table  experiment,  the  length  of  air-column  being 
regulated  by  lowering  or  raising  one  end  of  the  resonance-tube  in 
a  deep  vessel  of  water. 

Exercise  50,  Lines  of  Force  Near  a  Bar  Magnet,  can  well  be 
omitted  if  the  usual  experiments  with  iron  filings  on  a  sheet  of  paper 
over  the  magnet  are  shown,  and  if  Exercise  35,  Lines  of  Magnetic 
Force  about  the  Galvanoscope,  is  to  be  taken. 

Exercises  54  and  55,  on  Resistance  of  Wires  by  Substitution, 
are  often  rendered  troublesome  and  uncertain  by  difference  in 
quality  of  different  pieces  of  German-silver  wire.  It  is  hardly 
worth  while  to  undertake  them,  if  the  apparatus  for  Exercise  56 
is  at  hand. 

Exercise  60,  on  the  Electric  Motor,  and  Exercise  61,  on  the  Dy- 
namo, are  better  suited  to  the  occasional  handy  boy,  who  will  make 
some  of  the  needed  parts,  than  to  a  whole  class. 

§  366,  on  the  "Induction  Machine,"  is  hardly  suitable  for 
required  study. 

The  teacher  will  very  likely  find  it  best  to  make  still  further 
omissions. 
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ELEMENTS  OF  PHYSICS. 


CHAPTER  I. 
INTRODUCTORY. 

1.  Definition  of  Physics. — ^Physics  is  the  science  of 
mechanics^  heat,  sound,  light,  electricity,  and  magnetism. 
Everybody  knows  something  about  these  things  before  he 
begins  to  study  them  in  a  regular  way,  but  sometimes  he 
does  not  know  them  by  the  names  which  are  given  to  them 
in  books. 

2.  Use  of  Physics. — ^In  saiHng  boats  or  flying  kites,  in 
walking  or  swimming,  in  almost  any  kind  of  bodily  work  or 
play,  we  have  to  do  with  physics,  that  part  of  physics  which 
is  called  mechanics.  We  leam  to  do  many  mechanical  acts 
very  well  indeed  by  observation  and  experience,  without 
thinking  very  much  about  them  or  knowing  exactly  how  we 
do  them;  but  when  we  have  to  do  something  that  we  have 
never  done  before  and  have  never  seen  any  one  else  do, 
something,  perhaps,  that  nobody  ever  did  before,  we  must 
think  and  study. 

3.  nitistrations. — Thus  no  man  who  has  practiced  swim- 
ming need  study  mechanics  to  improve  himself  in  that  art; 
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but  if  he  would  build  a  ship  and  make  it  swim  through  all 
kinds  of  weather  and  water,  he  must  study  mechanics  a 
good  deal  in  order  to  know  what  size  and  shape  to  give  the 
various  parts,  how  best  to  put  them  together,  and  how  to 
balance  the  whole.  If  it  is  to  be  a  steamship,  some  one 
must  know  a  good  deal  about  heat,  to  make  the  furnaces 
and  boilers  right.  We  must  know  about  magnetism  to 
make  and  use  the  ship's  compass.  We  may  use  electricity 
to  furnish  light  on  board  at  night.  We  must  study  sound 
in  order  to  make  the  best  fog-signals  to  guard  against  colli- 
sions and  shipwreck  in  thick  weather. 

In  short,  the  science  of  physics  in  all  its  main  divisions 
is  not  only  a  very  interesting  study  to  many  minds,  but  it 
is  of  great  use  to  civihzed  mankind.  Man  has  become 
civilized,  indeed,  not  by  merely  imitating  what  his  fathers 
have  done,  but  by  studying ^  that  is,  observing  and  thinking, 
and  gradually  improving  upon  the  work  of  those  who  have 
gone  before  him. 

4.  Qualitative  Knowledge. — Everybody  knows  that  a 
piece  of  wood  will  float  in  water,  and  that  a  stone  will  sink. 
Everybody  knows  that  if  a  stick  and  a  stone  are  tied 
together  and  put  into  water,  the  stone  tends  to  sink  the 
stick,  and  the  stick  tends  to  float  the  stone.  This  kind  of 
knowledge  is  called  qualitative.  It  tells  in  a  general  way 
how  the  stick  and  the  stone  act  toward  each  other. 

5.  Quantitative  Knowledge. — Some  people  know  enough 
about  the  laws  of  flotation  to  calculate  with  accuracy  how 
large  a  stick  of  a  known  kind  of  wood  will  be  needed  to 
float  a  stone  of  known  size  and  weight.  They  have  what 
is  called  quardilative  knowledge  of  the  matter.  They  can 
tell  hxyw  much  the  stone  will  pull  down  on  the  wood,  and 
the  wood  pull  up  on  the  stone,  when  the  two  are  together 
in  water. 
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Everybody  knows  that  a  beam  has  a  quality  which  we  call 
strength — ^it  can  bear  a  load.  This  is  qualitative  knowl- 
edge. Everybody  knows  that  a  thick  beam  is  stronger  than 
a  thin  beam.  This  is  quantitative  knowledge  of  a  kind,  a 
rather  indefinite  kind.  Some  people  know  how  much 
stronger  the  thick  beam  is  than  the  thin  beam.  They  have 
a  more  complete  quantitative  knowledge. 

6.  Comparison  of  the  Two  Kinds  of  Elnowledge. — It  is 

evident  that  quantitative  knowledge  is  more  useful  than 
mere  qualitative  knowledge.  The  former  includes  the  lat- 
ter. The  qualitative  man  says,  "I  want  to  build  a  house. 
I  shall  need  some  land  to  put  it  on,  and  some  beams  and 
boards  and  bricks,"  etc.  The  quantitative  man  says, 
"Yes,  you  will  need  all  these  things,  but  if  you  don't  make 
your  ideas  more  precise  you  will  have  a  lumber-yard  when 
you  have  done,  not  a  house." 

7.  Object  of  this  Course  in  Physics. — ^The  knowledge  of 
physics  which  children  and  older  people  get  by  merely 
knocking  about  in  the  world  is  mostly  qualitative.  The 
course  of  work  laid  out  in  this  book  is  intended  to  add 
greatly  to  the  pupil's  stock  of  this  kind  of  knowledge,  and 
to  do  something  more  It  aims  to  make  the  pupil  familiar 
with  quantitative  work,  and  to  give  him  a  considerable 
amoiuit  of  quantitative  knowledge. 

We  shall  begin  at  once  with  simple  introductory  measure- 
ments. All  the  exercises  of  this  chapter  are  called  Pre- 
liminary Exercises, 

Measurement  of  Distance. 

8.  The  Straight  Line. — ^The  line  to  be  measured  may  be 
along  the  edge  of  a  table  (or  sheet  of  paper)  from  one  fiae 
scratch  to  another,  a  distance  of  about  15  inches.    lt\s  ^ 


I 

a         h 

Fig.  1. 
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great  convenience  to  have  all  the  pupils  measure  equal 

distances;  accordingly,  the  teacher  is 
advised  to  lay  oflf  these  distances  by 
some  method  like  the  following:  A  car- 
_penter's  square  is  placed  along  the  edge 
of  the  table  as  in  Fig.  1,  and  while  it  is 
held  firmly  in  place  a  fine,  light,  scratch 
is  made  with  the  point  of  a  sharp  knife-blade  at  right  angles 
with  the  edge  of  the  table  at  the  points  a  and  b.  The  dis- 
tance from  a  to  6  is  the  one  to  be  measured  by  the  pupil. 
The  first-described  method  of  using  the  measuring-stick  in 
the  following  Exercise  is  not  a  good  method,  but  it  is  one 
that  many  will  use  if  they  are  not  properly  instructed. 
The  second  method  is  a  good  one,  and  the  two  are  here 
brought  together  in  order  that  the  pupil  may  see  at  once 
the  right  way  and  the  wrong  way  to  use  such  an  instrument. 
Much  of  the  interest  and  profit  of  this  Exercise  will  come 
from  the  opportunity  given  each  pupil  to  compare  his  own 
work  with  that  of  others. 

EXERCISE  A. 
MEASUREMENT  OF  A  STRAIGHT  LINE. 

ApparattLs:  A  short  measuring-stick  (No.  1)*  and  a  meter-rod 
(No.  2). 

To  each  pupil  is  given  a  measuring-stick  about  one-fourth  as  long 
as  the  distance  from  a  to  6.  We  will  suppose  that  these  sticks  are 
made  by  sawing  a  meter-rod,  graduated  to  millimeters,  into  ten 
equal  parts.  The  saw-cut  will  usually  leave  the  divisions  at  the 
very  ends  of  the  sticks  imperfect,  and  these  divisions  should  not  be 
used  in  the  measurements. 

Let  each  pupil  measure  his  distance  at  least  twice  carefully,  with 
his  measuring-stick  laid  flat  upon  the  table,  the  marks  upon  the 

*  Any  piece  of  apparatus  to  be  used  in  the  Exercises  will  usually 
be  referred  to  by  the  number  it  bears  in  the  hst  of  apparatus  given 
At  the  end  oi  the  boek^ 
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stick  being  thus  horizontal,  and  let  him  write  upon  the  blackboard 
the  results  of  his  two  measurements. 

Then  let  each  pupil  measure  his  distance  twice  again,  this  time 
placing  his  measuring-stick  upon  its  edge,  so  that  the  marks  upon  it 
will  be  vertical,  making  a  light,  fine,  mark  upon  the  table  with  a 
sharp  pencil  to  set  the  stick  by,  whenever  it  is  moved  forward  a 
length  These  new  measurements  are  also  to  be  placed  upon  the 
blackboard  imder  the  first  ones. 

Finally  let  each  pupil  measure  his  whole  distance  at  once  with  his 
meter-rod  and  write  this  last  measurement  with  the  others 

9.  Errors. — ^To  judge  of  the  accuracy  of  a  set  of  measure- 
ments it  is  not  enough  to  know  how  much  these  differ 
among  themselves,  for  the  importance  of  the  difference 
usually  depends  upon  the  ratio  which  the  difference  bears 
to  the  whole  quantity  measured.  A  thousandth  part  of 
an  inch  might  be  a  very  serious  difference  to  a  watch- 
maker in  the  measurement  of  some  small  cylinder,  while 
a  difference  of  several  inches  in  the  measurement  from 
one  mile-post  to  another  would  be  of  little  consequence. 
The  pupil  should  therefore  form  the  habit  of  comparing 
his  errors,  or  the  differences  of  his  measurements,  with 
the  whole  quantity  that  he  had  to  measure. 

Let  us  suppose,  for  instance,  that  in  Exercise  A  the 
measurements  made  by  one  pupil  are  37.30  cm.,  37.00  cm., 
and  37.10  cm.  The  greatest  difference  is  found  between 
the  first  and  second.  It  is  0.3  cm.,  and  its  ratio  to  37.15 
cm.,  which  is  midway  between  37.30  cm.  and  37.00  cm., 
is  0.0081  —  .  We  see,  then,  that  the  difference  between 
the  two  measurements  of  the  line  is  about  eight  one-- 
thxmsandthSy  not  quite  one  per  cent,  of  the  length  of  the  line. 

Each,  pupil  should  make  a  similar  calculation  from  his 
own  measurements  in  Exercise  A. 

10.  Units  and  Standards  of  Measurement. — ^The  impor- 
tance of  having  definite  units  of  lengthy  of  weight;  etc.;  so 
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that  any  man  in  dealing  with  his  neighbor  may  know  just 
how  much  is  meant  by  the  words  footy  pound,  and  the  Uke, 
is  so  great  that  in  all  civilized  coimtries  the  exact  meaning 
of  such  words  is  fixed  by  law,  and  very  great  care  is  taken 
to  make  and  preserve  government  standards,  as  they  are 
called,  standard  yard-sticks,  standard  poimd-weights,  for 
instance,  with  which  as  patterns  the  measuring  instru- 
ments used  in  business  are  compared  and  tested. 

Interesting  accounts  of  the  foot,  the  yard,  the  meter, 
etc.,  can  be  foimd  in  almost  any  encyclopedia. 

Meter-rods  for  school  use  are  in  many  cases  marked  oflf 
in  inches  on  one  side.  With  the  information  given  by 
such  a  rod,  the  class  can  find  how  many  centimeters  are 
equal  to  one  inch.  This  number  carried  to  two  places  of 
decimals  is  accurate  enough  for  most  piuposes. 

II.  The  Right  Triangle. — ^Right  triangles,  that  is,  tri- 
angles having  one  right  angle  (see  Fig.  2),  are  much  used 
in  the  study  and  appUcation  of  physics.    In  such  triangles 
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there  is  a  simple  and  important  relation  between  the 
length  of  the  longest  side  and  the  length  of  the  other  two 
sides.  Part  .1  of  the  following  Exercise  B  is  intended  to 
show  this  relation  and  at  the  same  time  to  give  practice 
in  measurement. 


INTRODUCTORY.  7 

12.  Circles. — ^The  relation  between  the  length  of  the 
diameter  of  a  circle  and  the  length  of  its  circumference  is 
also  very  frequently  used  in  physics.  Part  2  of  Exer- 
cise B  has  to  do  with  this  relation. 

EXERCISE  B. 
THE  LINES  OF  THE  RIGHT  TRIANGLE  AND  THE  CIRCLE. 

Apparatus:  A  30-citi.  measuring-stick  (No.  3).  A  sheet  of  paper 
upon  which  is  drawn  carefully  a  right  triangle  no  side  of  which  is 
less  than  10  cm.  long.  (No  two  pupils  should  use  exactly  similar 
triangles.)  A  cylinder  of  wood  4  or  5  cm.  in  diameter  (No.  4).  A 
narrow,  straight-edged,  strip  of  thin  paper. 

Part  1.  Measurement  of  the  Sides  of  a  Right  Triangle. — 
Let  each  pupil  measure  very  carefully  all  the  sides  of  his*  triangle, 
not  being  content  to  read  to  the  nearest  0.1  cm.,  but  striving  to 
note  and  measure  0.05  cm.  distances,  if  he  can  do  so  without  hurt- 
ing his  eyes. 

After  the  measurements  are  made,  square  the  length  of  each  side 
and  compare  the  greatest  square  with  the  sum  of  the  other  two 
squares.  The  conclusion  drawn  from  this  comparison  must  not  be 
extended  to  triangles  which  are  not  right-angled. 

Part  2.  Measurement  of  the  Circumference  and  Diam- 
eter OF  A  Circle. — ^Measure  carefully  the  diameter  of  one  end  of 
the  cylinder.  Then  wrap  the  strip  of  paper  around  the  curved  sur- 
face of  the  cylinder  at  the  same  end,  and  mark  upon  the  edge  of  the 
strip  the  pmnt  where  the  second  winding  of  the  paper  begins  to 
overlap  the  first.  Then  unfold  the  paper  and  measure  upon  it  that 
distance  which  extended  once  around  the  cylinder.  Then  divide  this 
distance,  which  of  course  is  equal  to  the  circumference  of  the  circle, 
by  the  length  of  the  diameter.  The  ratio  thus  obtained  is  one  which 
it  is  important  to  know,  although  we  shall  not  have  much  occasion 
to  use  it  in  this  book.  Mathematicians,  physicists,  and  engineers 
use  it  so  much  that  they  have  a  particular  sign,  ;r,  to  denote  it. 

This  sign  is  a  Greek  letter  and  is  called  pe  by  students  of  Greek, 
but  when  used  as  just  described  it  is  often  called  pi  to  distinguish 
it  from  p. 

13.  Discussion  of  Exercise  B. — ^The  measiirements  of 
Exercise  B  may  be  discussed  somewhat  as  follows:   The 
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square  of  the  longest  side  of  the  triangle  is  found  by  one 
pupil  to  be  404.01,  and  the  sum  of  the  squares  of  the  other 
two  sides  406.05.    If  the  two  short  sides  were  measured 
correctly,  how  large  an  error  in  the  measurement  of  the 
longest  side  would  cause  the  disagreement  here  found? 
The  long  side  was  measured  as  20.10  cm.    If  it  had  been 
called  20.20  cm.,  its  square  would  have  been  408.04,  which 
is  about  as  much  too  large  as  the  square  actually  foimd  is 
too  small.     If  the  distance  had  been  measured  as  20.15 
cm.,  the  square  would  have  been  406.02,  a  quantity  very^ 
close  indeed  to  the  sum  of  the  other  two  squares.    If, 
therefore,  the  original  error  lay  entirely  in  the  measure- 
ment of  the  longest  side,  this  error  must  have  been  ver3r 
nearly  0.05  cm.    Of  course  the  error  may  have  been  made^ 
in  measuring  the  other  sides,  or  in  drawing  the  triangle, 
or  in  all  parts  of  the  work.    An  error  which  mistakes  20.15 
for  20.10,  or  201.5  for  201.0,  or  2015  for  2010,  is  called  iix 
each  case  an  error  of  5  parts  in  2015,  or  1  part  in  403,  or  an 
error  of  about  i  per  cent  (see  remarks  following  Exercise 
A). 

QUESTION. 

In  the  case  of  the  circle,  which  would  make  the  greater  difference 
in  the  result  (circumference -^ diameter),  an  error  of  0.05  cm.  in  the 
measurement  of  the  diameter  or  an  error  of  0.10  cm,  in  the  measure- 
ment of  the  circumference? 

Measurement  of  Area. 

14.  Unit  of  Area. — ^Thus  far  we  have  been  measuring 
lines.  To  measm-e  a  line,  as  we  see,  is  merely  to  find  out 
by  trial  that  it  is  so  many  centimeters  or  inches  long.  A 
line  10.6  cm.  long  is  one  that  could  be  divided  into  ten  full 
centimeters  and  six  tenths  of  another  centimeter.  We 
here  call  the  centimeter  our  unit  of  length. 

If  we  have  to  measure  a  surface,  the  whole  table-top,  for 
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instance,  our  task  is  to  find  the  number  of  square  centi- 
meters, or  square  inches,  or  square  feet,  that  would  be 
required  to  cover  it,  or  that  it  would  make  if  it  were  cut 
up  without  waste  into  squares.  In  this  case  the  square 
centimeter,  or  square  inch,  or  whatever  square  we  choose 
to  take,  is  the  unit  of  area.  We  might  set  about  to  meas- 
ure surfaces  by  actually  placing  a  little  square,  a  square 
centimeter,  for  instance,  on  the  given  surface,  marking  a 
line  close  around  it,  then  moving  it  to  a  new  place, 
marking  around  it,  and  so  on  till  we  had  marked  off  the 
whole  surface  into  little  squares,  with  perhaps  some  frac- 
tions of  squares.  But  this  is  not  the  common  or  the  best 
way  of  measuring  surfaces.  The  common  way  is  to 
measure  the  length  of  certain  lines  on  the  surface  and  from 
the  lengths  of  these  lines  to  calculate  the  extent  of  the 
surface. 

15.  Measurement  of  Rectangles. — If  the  surface  is  in  the 
form  of  a  rectangle,  like  Fig.  3,  it  is  plain 
that  we  have  merely  to  multiply  the 
number  of  imits,  centimeters  let  us  say, 
in  the  length  by  the  nmnber  of  centime- 


ters in  the  width,  and  the  result,  8X4  Fig.  3. 

=  32  in  this  figure,  is  the  number  of 
square  centimeters  into  which  the  surface  can  be  divided. 
This  is  called  the  extent  or  area  of  the  surface. 

In  the  next  Exercise  we  shall  undertake  to  find  rules  for 
the  measurement  of  surfaces  not  quite  so  simple  in  shape 
as  the  rectangle  shown  in  Fig.  3.  These  will  be  of  the 
class  called  parallelograms. 

16.  Parallelograms. — ^A  parallelogram  is  a  flat  figure 
bounded  by  four  straight  lines,  each  line  being  parallel  to 
the  line  opposite.  Thus  A  and  B  in  Fig.  4  are  parallelo- 
grams.   A  is  what  we  have  just  called  a  l^ctangle,  and 
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we  have  seen  how  to  find  the  area  of  any  rectangle,  but  B 
is  not  quite  so  simple  at  first  sight.    A  parallelogram  like 
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B,  which  contains  no  right  angle,  is  called  an  oblique 
parallelogram. 

EXERCISE  C. 
AREA  OF  AN  OBLIQUE  PARALLELOGRAM, 

Apparatus:    The  30-cm.  measuring-stick  (No.  3).     An  oblique 

parallelograin  of  paper  about  20  cm.  long  and  10  cm.  wide.     (One  of 

the  straight-edged  rulers  (No.  24)  may  prove  useful  in  this  Exercise.) 

Draw  upon  the  paper  figure  a  line  like  c  in  Fig.  5,  taking  care 

to  make  a  right  angle  with  the  top  line 
and  the  bottom  line,  and  then  cut  or 
tear  the  paper  along  the  line  c.  Take 
the  small  piece  thus  removed  and  join  it 
to  the  larger  piece,  in  such  a  way  as  to 
make  a  figure  that  you  know  how  to 
measure.  Measure  the  length  and  width 
of  the  figure  thus  formed  and  calculate  the  extent  of  its  surface. 

Then  put  the  two  pieces  together  as  they  were  at  first  and  ask 
yourself  whether  you  could  not,  if  another  oblique  parallelogram 
were  given  you,  find  the  extent  of  its  surface  without  cutting  it. 
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For  the  CUissroom, 

Estimate  without  measurement  the  length  and  width  of  some 
visible  and  convenient  rectangles,  a  book-cover,  a  table-top,  a  win- 
dow, etc.,  and  calculate  the  areas  from  these  estimated  dimensions. 
Then  take  the  true  dimensions  and  calculate  the  true  areas. 
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Measurement  of  Volume. 

17.  Unit  of  Volume. — ^We  have  now  to  speak  of  the 
measurement  of  volume.  The  unit  of  volume  may  be  the 
cubic  centimeter,  or  the  cubic  inch,  or  the  cubic  foot.  etc. 
We  shall  generally  use  the  cubic  centimeter  as  our  unit. 

We  mean,  then,  by  the  volume  of  a  body  the  number  of 
cubic  centimeters  that  could  be  made  of  that  body  if  it  were 
cut  up  without  waste,  as  one  might  cut  up  a  large  piece  of 
clay  or  putty. 

18.  Rectangular  Bodies. — In  the  case  of  a  body  whose 
surface  is  made  up  of  rectangles,  a  brick,  for  instance,  it  is 
easy  to  see  how  the  volume  may  be  calculated,  if  we  know 
the  length  and  the  width  and  the  thickness.  We  have 
voluw£ = lengthX  widthX  thickness. 

19.  Irregular  Bodies. — If  the  body  is  of  less  regular 
shape  like  an  ordinary  stone  or  a  lump  of  coal,  it  is  not  so 
easy  to  calculate  its  volume  from  measurements  of  length, 
width  and  thickness  There  is,  however,  a  very  easy  way 
of  finding  the  volume  of  such  a  body  by  the  use  of  water, 
as  will  presently  be  seen. 

20.  Volume  of  Water, — It  is  easy  to  find  the  volume  of 
a  quantity  of  water  in  several  ways.  One  way  is  to  pour 
the  water  into  a  rectangular  box.  Then  we  can  measure 
its  length  and  width  and  depth  and  calculate  its  volume. 
Another  way  is  to  pour  it  into  a  glass  measuring-dish 
haying  marks  upon  it  to  tell  the  number  of  cubic  centi- 
meters required  to  fill  it  to  certain  depths.  Another 
method  is  to  weigh  the  water,  for  it  is  known  that  one  cubic 
centimeter  of  water  weighs  one  gram.  Indeed,  this  is  the 
definition  of  one  gram,  the  weight  of  a  cubic  centimeter  of 
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water*  If  th6  balance  which  we  use  for  weighing  reads  in 
ounces  instead  of  grams,  we  shall  have  to  remember  that 
1  oz,=  about  28.3  cm,,  so  that  1  oz.  of  water  will  be  28.3 
cubic  centimeters.  We  shall  conmionly  find  the  volmne 
of  a  body  of  water  by  weighing, 

21.  The  Water  Method. — ^We  will  now  try  the  water 
method  of  finding  the  volume  of  a  body,  a  rectangular 
solid.  We  shall  find  its  volimie  by  the  water  method  and 
also  by  direct  measurement  and  calculation,  and  then  see 
how  well  the  two  results  agree.  This  will  test  the  water 
method,  and  if  we  find  it  to  work  well,  we  can  use  it  with 
irregular  solids  which  we  cannot  measure  directly. 

EXERCISE  D. 

VOLUME  OF  A  PECTANOULAR  BODY  BY  DISPLACEMENT  OF 

WATER. 

ApparattLs:  A  brass  can  (No.  5)  called  C  in  Fig.  6.  A  small  catch- 
bucket  (No.  6)  called  p  in  Fig.  6.  A  spring-balance  (No.  7).  A 
rectangular  block  of  wood  (No.  8)  so  loaded  as  to  sink  in  water. 

Closing  the  overflow  tube  t  of  the  can  C,  pour  water  into  C  imtil  it 
is  filled  nearly  to  the  brim.  Then  open  the  tube  and  let  all  the  water 
flow  out  that  will  do  so,  catching  it  in  the  small  can  p.  The  large 
can  should  rest  steadily  upon  the  table,  but  the  small  one  is  better 
held  in  the  hand  when  the  flow  begins,  otherwise  some  water  may 
be  spilled.  The  flow  should  stop  rather  suddenly  at  last,  with  little 
or  no  drip. 

Throw  away  aU  the  water  thus  caught  in  p  and  then  weigh  p  on 
the  spring -balance  to  the  nearest  gram  or  the  nearest  twentieth  of 
an  ounce,  according  to  the  graduation  of  the  balance  f  Then, 
closing  the  tube  t  as  before,  lower  into  the  can  C  the  wooden  block 
until  it  rests  upon  the  bottom.     Then,  or  sooner  if  the  can  C  seems 

*  To  be  exact  one  must  add  at  4°  of  the  centigrade  scale  of  tempered 
ture.     For  the  purpose  of  this  book  such  exactness  is  unnecessanr. 

f  Ord'nary  small  spring -balances  now  in  the  market  are  often 
marked  ofif  in  half  ounce  divisions,  which  are  about  J  inch  long.     The 

Cupil  will  learn  to  estimate  the  position  of  the  pointer  when*  it  falls 
etween  two  lines,  so  as  to  read  to  about  -Jjj  of  an  ounce. 
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likely  to  be  overflowed,  open  the  tube  t,  and  as  before  catch  the 
water  that  runs  out  in  the  small  can  p.     The  water,  Fig.  7,  now 


C 


Er=:3~ 


P 


Fig.  6. 

stands  just  as  high  in  C  as  it  did  just  before  the  block  was  put  into 
it.    The  block  has  crowded  out  into  the  can  p  just  its  own  bulk  of 


Fig.  7. 

water.     If,  then,  we  can  find  the  volume  of  the  water  that  the  block 
drove  over  into  p,  we  shall  have  the  volume  of  the  block  itself. 
Weigh  p  and  the  water  it  contains. 

Weight  of  small  can  and  water  = 7- 

"       "     '^       "   empty       = - 

"       "  water  alone  = g. 

If  the  weight  as  thus  found  is  in  grams,  it  is  equal  to  the  number 
of  cubic  centimeters  in  the  block.  If  the  weight  as  thus  found  is  in 
ounces,  we  must  multiply  the  number  of  ounces  by  28.3  in  order  to 
find  the  number  of  cubic  centimeters  in  the  block. 

Now  measure  carefully  the  length,  width,  and  thickness  of  the 
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block  and  calculate  the  number  of  cubic  centimeters  it  contains  from 
these  measurements. 

(Experiments  for  finding  the  volumes  of  irregular  bodies  by  the 
water  method  may  well  be  postponed  till  the  next  Exercise,  which 
would  otherwise  be  a  very  brief  one.  Potatoes,  stones,  lumps  of 
coal,  etc.,  of  suitable  size  may  be  used  for  these  further  experiments ) 

Practice  for  the  Eye. 

A  line  10  inches  long  is  drawn  on  a  blackboard  with  a  cross-Une  at 
any  point,  and  the  members  of  the  class  estimate  the  distance  from 
either  end  to  the  cross-line.  Practice  like  this  helps  toward  accurate 
reading  of  the  spring-balance. 

QUESTIONS. 

(1)  The  true  length  of  a  certain  line  is  16.4  cm.  One  person  meas- 
ures it  as  16.6  cm.,  another  as  16.3  cm.  How  great  is  the  error  of 
each  in  per  cents  of  the  true  length? 

(2)  A  certain  rectangle  is  50  cm.  long  and  20  cm.  wide.  It  is 
measured  by  one  person  as  50  cm.  long  and  20.2  cm.  wide,  and  by 
another  person  as  50.2  cm.  long  and  20  cm,  wide.  If  the  area  ia 
calculated  from  each  set  of  measurements,  how  great  (in  per  cents) 
will  the  error  be  in  each  case? 

(3)  A  certain  rectangle  has  a  base  100  cm.  long  and  an  altitude  of 
40  cm.  Which  will  cause  the  greater  error  in  the  estimated  area,  an 
error  of  2  cm.  in  the  base  or  an  error  of  1  cm.  in  the  altitude? 

(4)  A  rectangular  solid  is  40  cm.  long,  30  cm.  wide,  and  20  cm 
thick.  How  great  (in  per  cents)  is  the  error  made  by  calculating  the 
volume  from  measurements  which  give  41  cm.  for  the  lens:th,  31  cm- 
for  the  width,  and  19  cm,  for  the  thickness? 


CHAPTER  II. 
DENSITY  AND  SPECIFIC  GRAVITY. 

22.  Definition  of  Density. — ^The  weight  of  unit  volume 
of  a  substance  is  called  the  density  of  the  substance.  If 
we  know  the  density  of  a  substance  we  can  calculate  the 
weight  of  any  volume  of  that  substance.  Engineers  and 
other  scientific  men  often  have  to  find  by  this  method  the 
weight  of  objects  which  it  would  be  inconvenient  to  weigh. 
The  weights  of  buildings  and  bridges,  for  instance,  are 
found  in  this  way.  Books  used  by  scientific  men.  contain 
tables  giving  the  densities  of  many  different  substances. 

The  density  of  a  substance  may  be  expressed  as  the 
weight  in  grams  of  one  cubic  centimeter,  or  as  the  weight 
in  pounds  of  one  cubic  foot,  or  in  any  one  of  many  other 
ways.  For  brevity,  we  call  the  first  method  of  expression 
just  given  the  density  in  grains  and  cubic  centimeters,  and 
the  second,  the  density  in  pounds  and  cubic  feet.  The 
following  Exercise  will  make  the  matter  plainer,  and  will 
give  good  practice  in  measuring  and  weighing. 

EXERCISE  I. 
WEIGHT  OF  UNIT  VOLUME  OF  A  SUBSTANCE. 

Apparatus:  A  block  of  wood  (No.  9).  A  spring-balance  (No.  7). 
A  measuring-stick  (No.  3).     Thread  for  suspending  the  block. 

Find  the  weight  of  the  block  in  grams. 

Measure  the  length  of  each  of  the  four  edges  which  are  parallel  to 
the  grain  of  the  wood,  take  the  average  of  these  measurements  and 
call  it  the  length  of  the  block. 
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Measure  the  length  of  each  of  the  four  long  edge^s  which  are  cross- 
wise to  the  grain  of  the  wood,  and  call  the  average  of  these  four 
measurements  the  urldth  of  the  block. 

Measure  the  length  of  each  of  the  four  short  edges  and  call  the 
average  of  these  four  measurements  the  thickness  of  the  block. 

The  weight  in  pounds  can  be  found  from  the  weight  in  grains  by 
dividing  by  453.6. 

From  the  length,  width,  and  thickness  in  centimeters  the  length, 
width,  and  thickness  in  feet  can  be  found  by  the  rule  that  1  ft.= 
30.5  cm.,  but  it  is  Sorter  to  find  the  volume  in  feet  from  the  volume 
in  cubic  centimeters  by  the  rule  that  1  cu.  ft.  =  28300  cu.  cm. 

Calculate,  1st,  how  many  grams,  or  what  part  of  a  gram,  1  cu.  cm. 
of  the  block  weighs;  2d,  how  many  pounds,  or  what  part  of  a 
pound,  1  cu.  ft.  of  such  wood  weighs. 

23.  Density  of  Water.    Ratio  of  the  Two  Densities. — 

The  density  of  water  in  grams  and  cubic  centimeters  is  1; 
that  is,  1  <3U.  cm.  of  water  weighs  1  gm.  (see  §  20).  The 
density  of  water  in  pounds  and  cubic  feet  is  very  nearly 
62.4;  that  is,  1  cu.  ft.  of  water  weighs  62.4  lbs.  These 
numbers  for  water  should  be  committed  to  memory. 

Let  us  call  density  in  pounds  per  cubic  foot  D(p.  /.)  and 
density  in  grams  per  cubic  centimeter  D(g,  c).  For 
water  D(p,  f.)-7-D{g.  c.)  =  62,4.  Does  the  same  ratio 
hold  with  other  substances?  For  any  substance  we 
have  by  definition, 

D(p.  f,)  =  (Wt.  in  lbs.) -r- {Vol.  in  cu.  ft.), 
D{g.  c.)  =  {Wt.  in  gm.)-^(Vol.  in  cu.  cm.). 


Hence 


D{p.  f.)     Wt.  in  lbs.       Vol.  in  cu.  cm. 
D{g.  c.)  ~"  Wt.  in  g^ni-       Vol.  in  cu.  ft. 
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PROBLEMS. 

(1)  K  a  piece  of  iron  10  cm.  long,  8  cm.  wide,  and  7  cm.  thick 
weighs  4000  gm.,  what  is  its  density  in  gm.  and  cu.  cm.?  What  is 
its  density  in  lbs.  and  cu.  ft.  ? 

(2)  The  density  of  mercmy  in  gm.  and  cu.  cm.  is  about  13.6. 
How  many  lbs.  would  1  cu,  ft  of  it  weigh? 

24.  Weight. — Before  going  farther  we  need  to  think 
carefully  about  the  meaning  of  the  word  weight,  which  we 
have  already  used  a  number  of  times,  and  shall  have  to  use 
very  often.    The  word  has  two  meanings. 

Sometimes  when  we  speak  of  the  weight  of  a  body  we 
mean  the  amount  of  the  body,  as  when  we  speak  of  10  lbs. 
of  butter  or  100  lbs.  of  iron. 

At  other  times  we  mean  by  the  weight  of  a  body  the 
amount  of  the  earth's  downward  pull  upon  that  body,  as 
shown  by  the  spring-balance,  for  instance. 

It  is  somewhat  hard  to  remember  this  distinction, 
because  the  units  in  which  we  tell  the  amount  of  a  body 
have  the  same  name  as  the  units  in  which  we  tell  the  piUl 
which  the  earth  exerts  upon  the  body.  For  instance,  we 
say  that  the  earth  exerts  a  pull,  or  force,  of  5  lbs.  upon 
5  lbs.  of  wood,  or  5  lbs  of  coal,  or  anything  which  consists 
of,  or  iSj  5  lbs.  of  substance. 

Often  when  we  use  the  word  weight  it  makes  no  difference 
which  of  its  two  meanings  we  have  in  mind,  but  sometimes 
it  does  make  a  difference.  Thus,  when  we  put  a  body 
under  water,  as  we  shall  do  in  the  next  Exercise,  and  say 
that  it  appears  to  lose  weight  in  going  from  air  to  water,  we 
do  not  mean  that  there  appears  to  be  any  less  of  the  body 
in  water  than  there  was  in  air.  We  mean  that  it  requires 
a  smaller  pull  of  the  spring-balance  to  keep  the  body  from 
sinking  in  water  than  it  does  to  keep  it  from  sinking  in  air. 

25.  Mass. — In  strict  scientific  language,  the  word  nuiss 
is  conmionly  used  in  speaking  of  the  amount  of  a  substance, 
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and  the  word  weight  in  speaking  of  the  earth's  pull  upoa 
that  substance.  For  example,  a  piece  of  iron  the  nuiss  of 
which  is  50  lbs.  is  subject  to  a  weight  *  of  50  lbs.  exerted 
by  the  earth. 

Specific  Gravity. 

26.  Definition. — ^It  is  often  convenient  to  know  the  ratia 
which  the  weight  of  a  body  hears  to  the  weight  of  an  equal 
hulk  of  water.  This  ratio  is  called  the  specific  gravity  ot 
the  body.  Gravity  comes  from  a  Latin  word  gravis,  mean- 
ing heavy.  Specific  here  means  distinctive^  or  particular. 
The  specific  gravity  of  a  body  is  its  particular  heaviness — • 
the  degree  of  heaviness  which  distinguishes  this  body 
from  other  bodies  of  the  same  size  but  diflferent  weight. 

27.  Loss  of  Weight  in  Water. — In  finding  specific 
gravities  it  is  a  conmion  practice  to  weigh  bodies  under 
water.  The  use  of  this  practice  will  be  made  plain  by 
Exercise  3.  The  loss  of  apparent  weight  suffered  by  a  body 
in  going  from  air  to  water  is  shown  in  Exercise  2, 

EXERCISE  2. 

LIFTING  EFFECT  OF  WATER  UPON  A  BODY  ENTIRELY 

IMMERSED  IN  IT. 

Apparatus:  Overflow-can  (No.  5).  Catch-bucket  (No.  6).  Spriilg* 
balance  (No.  7).     Loaded  block  (No.  8).     Thread. 

Fill  the  can  and  let  it  overflow  and  drip  as  in  Exercise  D.  Gateb 
this  overflow  in  the  small  bucket  and  throw  it  away.  Then  wei^ 
the  empty  bucket  in  grams. 

Weigh  the  block  in  grams  before  immersing  it  in  the  water. 

Lower  the  block,  still  suspended  from  the  balance,  into  the  ov«f- 
flow-can  till  it  is  entirely  covered,  catching  the  overflow  and  saving  it 

*  Such  distinctions,  which  use  words  in  a  scientific  sense  different 
from  the  popular  every-day  sense,  are  often  necessary  in  science,  but 
it  would  DC  rather  absurd  to  try  to  make  the  popular  use  <w  tliB 
words  a^ree  with  the  scientiflc  use  in  all  cases. 
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Weigh  the  block  in  the  water,  the  balance  being  entirely  above  the 
water. 

Weigh  the  bucket  with  the  overflowed  water. 

Subtract  the  (apparent)  weight  of  the  block  in  water  from  its 
weight  in  air,  and  call  the  difference  the  loss  of  weight  of  the  block  in 
water,  or  the  buoyant  force  exerted  upon  the  block  by  the  water. 

Find  the  weight  of  the  water  in  the  small  bucket,  and  compare 
this  with  the  loss  of  weight  of  the  block  in  water. 

If  there  is  time,  make  a  similar  experiment  with  other  bodies. 

The  law  illustrated  in  this  Exercise  is  called  from  its  discoverer 
the  law,  or  principle,  of  Archimedes,  (See  any  encyclopedia  for  an 
account  of  Archimedes.) 

PROBLEMS. 

(1)  A  certain  body  weighs  100  gm.  out  of  water  and  50  gm.  in 
water.     How  great  is  the  volume  of  the  body? 

(2)  A  certain  body  5  cm.  long,  3  cm.  wide,  and  2  cm.  thick  weighs 
200  gm.  in  water.     How  much  does  it  weigh  out  of  water? 

EXERCISE  3. 

SPECIFIC  GRAVITY  OF  A  SOLID  BODY  THAT  WILL  SINK  IN 

WATER. 

Apparatus:  The  spring-balance  (No.  7).  The  gallon  jar  (No.  10) 
nearly  filled  with  water.     A  lump  of  sulphur  (No.  11).     Thread. 

Weigh  the  sulphur  out  of  water;  then  in  water. 

We  know  from  Exercise  2  that  a  body  immersed  in  water  loses  in 
apparent  weight  an  amount  equal  to  the  weight  of  the  water  whose 
place  it  has  taken.  It  is  easy,  therefore,  to  get  from  the  two  weigh- 
ings just  made  the  ratio  which  we  have  undertaken  to  find  in  this 
Elxercise. 

If  time  permits,  find  in  this  Exercise,  by  the  same  method  that 
B  used  for  the  sulphur,  the  specific  gravity  of  other  solids  that  will 
dnk  in  water — such  as  glass,  coal,  etc. 

QUESTIONS. 

1.  If  the  specific  gravity  of  1  cu.  cm.  of  iron  is  7,  what  is  the 
(pecific  gravity  of  50  cu.  cm.  of  the  same  kind  of  iron?  Of  1  cu.  ft. 
rf  the  same  kind  of  iron? 

2.  If  the  sp.  gr.  of  lead  is  11.3,  what  is  the  weight  in  grams  of 
cu,  cm.  of  lead?    What,  then,  is  the  density  of  lead  in  gramd  and 

iibic  centimeters  (see  §  22)? 
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3.  If  the  sp.  gr.  of  a  certain  kind  of  wood  is  0.7,  what  is  the  weight 
in  lbs.  of  1  cu.  ft.  of  this  wood?  What,  then,  is  its  density  in  lbs. 
and  cu.  ft.? 

4.  A  certain  body  weighs^?  lbs.  out  of  water  and  4  lbs.  in*  water. 
What  is  its  specific  gravity? 

28.  Various  Expressions  for  Specific  Gravity. — ^By  defi- 
nition We  have 

CI  1    7   J  Wt,  of  the  body 

Sp,  grav.  of  a  body  =  ^ 


Wt.  of  -an  equal  volume  of  water ' 

It  is  evident  that  the  quantity  written  below  the  line  in 

this  definition  niay  be  expressed  in  other  ways.    We  may  ' 

write  ' 

Sp,  grav.  of  a  body 

_         Wt,  of  the  body ■ 

Wt,  of  water  displaced  by  the  body  when  immersed^ 

or 

^     •         __  Wt.  of  the  body 

/  *      Loss  of  weight  of  the  body  when  immersed ' 
or 

Sp.  grav. 

Wt.  of  the  body 
Lifting'  effect  of  water  upon  the  body  when  immersed ' 

These  expre'ssions  all  mean  the  same  thing/ but  som^' 
times  one  of  them  is  more  convenient  than  the  others.  I^ 
the  Exercise  next  before  us  we  shall  use  the  last  form. 

EXERCISE  4. 

SPECIFIC  GRAVITY  OF  A  BLOCK  OF  WOOD  BY  USE  OF  A  SINKEt^' 

Apparatus:  -A  rectangular  block  of  wood  (No.  9).     The  spring-' 
balance  (No.  7).     The  gallon  jar  (No.  10)  tiearly  filled  with  water* 
A  lead  sinker  (No.  12).     Thread. 

We  have  to  find  two  quantities,  by  experiment:  1st,  the  weight  of 
the  body;  2d,  the  lifting  effect  of  water  upon  it  when  immersed. 
Weigh. the  wood  in  air  and  record  its  weight. 
Now  put  the  block  into  water.     You  see  that  it  floats.     To  make  it 
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stay  under  water  you  must  hold 
it  down.  Try  this,  putting  your 
fingers  on  the  block.  In  this 
case,  you  see,  the  lifting  effect  of 
the  water,  when  the  block  is 
wholly  beneath  its  surface,  is 
greater  than  the  weight  of  the 
block.  We  must  find  out  how 
much  it  is. 

We  shall  use  the  lead  sinker  to 
hold  the  block  under  water,  and 
we  need  to  know  the  weight  of 
the  sinker  alone  under  water. 
Weigh  it  in  this  position  and 
record  the  weight. 

Now  suspend  the  block  from 
the  balance  *  and  the  lead  sinker 
from  the  thread  under  the  block, 
and  consider  how  much  the  two, 
block-  and  sinker,  would  weigh  in 
the  position  shown  by -Fig.  8,  the 
block  out  of  water  and  the  sinker 
in  water.  You  can  tell  this  from 
the  weighings  already  made. 
Write  it  down. 

Wt.  of  block  in  air-\-  Wt  of 
sinker  in  water  =....+  .... 

Now    lower    the 


I 


block    and    sinker 
till   both   are   cov- 


FiG.  8. 


Vra.  9. 


♦The  success  of  a  difficult  experiment  like  this 
depends  greatly  upon  the  care  with  which  the  details 
of  the  work  are  thought  9ut  bv  the  teacher.  The 
following  method  of  attaching  ttio  block- to  the  bal- 
ance is  recommended:  Take  a  thread  two  feet  long 
and  tie  the  ends  together.  Then  make  of  it  a  slip- 
noose  by  passing  one  end,  I  (Fig.  9)^  through^  the 
other  end,  k.  The  block  may  then  be  placed  in  the 
noose  and  the  loop  I  slipped  upon  the  hook  of  the 
balance,  but  to  .prevent  slipping  when  the  lead 
weight  is  to  be  suspended  from  the  klC^p^elow  the 
block  it  is  well  to  pass  the  loop  I  twice  through  at  k. 
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ered  by  the  water,  and  weigh  the  two  together  in  this  position  and 
record: 

Wt,  of  block  and  sinker  together  in  water—  .... 

Just  before  the  block  entered  the  water,  the  sinker  being  already 
in,  the  weight  was .  Z>^^5>Just  as  soon  as  the  block  also  was  cov- 
ered the  weight  was  only .  %^  The  difference  is  the  lifting  effed 
of  the  looter  upon  the  block.  We  have  now  all  that  we  need  for  cal- 
culating the  specific  gravity  of  the  block  by  means  of  the  formula, 

^ Wt.  of  block 

^'         '      Lifting  effect  of  water  upon  block  immersed^ 

QUESTIONS. 

(1)  A  brick-shaped  body  20  cm.  long,  10  cm.  wide,  and  5  cm. 
thick  weighs  1500  grams.  What  is  its  density  in  gram  and  centi- 
meter units? 

What  would  be  the  weight  of  an  equal  bulk  of  water? 
What,  then,  is  the  specific  gravity  of  this  body? 

(2)  A  body  whose  volume  is  700  cu.  cm.  has  the  density  8  in  gram 
and  centimeter  units.  How  much  does  it  weigh?  What  is  its 
specific  gra^dty? 

(3)  A  body  20  ft.  long,  10  ft.  wide,  and  5  ft.  thick  weighs  93,600 
lbs.     What  is  its  density  in  pound  and  foot  units? 

What  would  be  weight  of  an  equal  bulk  of  water,  one  cu.  ft.  of 
water  weighing  62.4  lbs.?  What,  then,  is  the  specific  gravity  of  the 
body? 

(4)  A  body  whose  volume  is  700  cu.  ft.  has  the  density  499.2  in 
pound  and  foot  units.  How  much  does  it  weigh?  What  is  its 
specific  gravity? 

(5)  What  numerical  relation  do  we  find  in  these  problems,  and  in 
those  of  page  19,  between  density  in  gram  and  centimeter  units  and 
specific  gravity? 

(6)  What  relation  do  we  find  in  the  same  problems  between  den- 
sity, in  pound  and  foot  units,  and  specific  gravity? 

29.  Flotation. — Thus  far  we  have  been  considering  the 
action  of  water  upon  bodies  entirely,  jmmersed  in  it.  We 
shall  now  have  to  do  with  floating  bodies. 
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der  at  all.  When  sure  that  the  cylinder  floats  as  it  should,  mew- 
ure  tbe  length  of  the  submei^d  part,  from  the  bottom  ot  tix 
cylinder  up  to  the  jUd  surface 
of  the  water. 

To  find  the  specific  gravit; 
from  the  two  meaauremente 
now  made,  be^  by  recalling 
the  fact  (see  Exercise  5)  that 
the  water  displaced  by  the  float- 
ing cylinder  weighs  just  se 
much  as  the  cylinder  itself. 

How  many  times  is  the  lengUi 
of  the  submerged  part  a{  the 
cylinder  contained  in  the  iriude 
length? 

How  many  times  the  wd^t 
of  the  cylinder  would  be  die 
weight  of  a  like  cylinder  of 
water? 

How  great,  then,  do  you  find 
the  specific  gravity  of  the  wood- 
en, cylinder  to  be? 

PROBLEMS  ABD  QDESTIOHS. 

(1)  A  block  whose  spedfio 
gravity  is  0.6  floats  in  water. 
How  much  of  it  is  below  tJM 
surface?  > 

Yet,  10.  (2)  A  block  whose  volume  is 

1000  cu.  cm.,  and  whose  spe- 
cific gravity  is  0.4,  floate  in  water.  How  many  cu.  cm  of  the  block 
are  below  the  surface? 

(3)  A  block  that  weighs  4  oz. 
weighs  6  oz.  in  water,  and  the  two  together  weigh  3 
What  is  the  specific  gravity  of  the  block? 

(4)  A  block  whose  specific  gravity  is  0.5,  and  which  weighs  100 
gm.  alone  in  air,  is  fastened  to  a  sinker  that  weighs  150  gm.  alone  in 
wafer.     How  much  will  both  together  weigh  in  water? 

(5)  A  cert«n  body  has  the  density  187.2  in  pound  and  foot  units. 
What  is  its  specific  gravity? 


DENSITY  j4ND  SPECIFIC  GRAyiTY.  25 

(6)  Is  the  specific  gravity  of  the  human  body  much  greater  or 
much  less  than  1? 

(7)  Why  does  filling  the  lungs  with  air  help  one  to  float  in  water? 

EXERCISE  7. 
SPECIFIC  GRAVITY  OF  A  LIQUID;    TWO  METHODS, 

Apparatus:  The  gallon  jar  (No.  10)  nearly  filled  with  water,  and 
the  smaller  jar  (No.  15)  nearly  filled  with  a  solution  of  sulphate  of 
copper.*  The  small  glass  bottle  (No.  16).  The  spring-balance  (No. 
7).     Thread. 

First  Method. 

Weigh  the  bottle  empty.  Dip  the  bottle  into  the  jar  of  sulphate 
of  copper  and  let  it  fill  with  the  liquid.  Holding  the  bottle  over  the 
jar,  put  the  stopper  in  place,  thus  crowding  out  the  excess  of  liquid, 
then  wipe  the  outside  of  the  bottle  and  weigh  it  carefully  with  its 
contents. 

Pour  the  sulphate  of  copper  back  into  its  jar,  then  fill  the  bottle 
with  water,  just  as  it  was  before  filled  with  the  other  liquid,  and 
again  weigh  the  bottle  and  its  contents. 

From  the  three  weighings  now  made  the  specific  gravity  of  sul- 
phate of  copper  can  easily  be  found. 

Second  Method. 

We  found  in  Exercise  2  that  a  body  going  from  air  into  water  lost 
in  apparent  weight  an  amount  equal  to  the  weight  of  its  own  bulk  of 
water.  So  a  body  going  from  air  into  a  solution  of  sulphate  of  copper 
will  lose  in  apparent  weight  an  amount  equal  to  the  weight  of  its  own 
bulk  of  the  solution.  This  gives  a  method  of  finding  the  specific 
gravity  of  the  solution.  As  a  hod/y  to  be  weighed  first  in  air,  then 
in  water,  then  in  the  solution,  we  will  use  the  bottle  with  enough 
water  in  it  to  make  it  sink  in  either  liquid.  We  may,  indeed,  use 
the  bottle  full  of  water,  just  as  it  was  left  at  the  end  of  the  first  part 
of  this  Exercise. 

EXPERIMENTS. 
1.  Exhibit  and  show  in  operation  two  graduated  glass  hydrometers 
— one  for  determining  the  specific  gravity  of  liquids  less  dense  than 

*  This  solution  may  be  made  by  putting  2  lbs.  of  sulphate  of  cop- 
per crystals  into  about  3  qts.  of  warm  water  in  a  glass  vessel  and 
stirring  occasionally  till  the  crystals  are  dissolved.  A  saturated 
solution  of  common  salt  is  preferred  by  some  teachers. 


26  PHYSICS 

water  (App.  No.  XI),  the  other  for  use  with  liquids  more  dense  tha© 
water  (App.  No.  Xll). 

2.  Show  in  a  bottle  together  several  liquids  of  different  specific 
gravities  that  do  not  tend  to  mix  with  each  other;  for  instance,  mer- 
cury, chloroform,  water,  and  kerosene. 

3.  Take  a  small  tumbler  containing  some  mercury  and  drop  into 
it  a  piece  of  iron  Do  not  put  into  it  gold  or  silver,  as  mercury  a^ 
tacks  these  metals. 

4.  Place  a  dry  sponge  on  water.  It  floats  lightly,  but  is  the  spe- 
cific gra\'ity  of  the  fibres  of  the  sponge  greater  or  less  than  that  of 
water?  To  answer  this  question  push  the  sponge  beneath  the  sur- 
face. What  rises  from  it?  Squeeze  the  sponge  very  hard  till 
nothing  more  seems  to  come  from  it.  Now  will  it  nse  to  the  sof- 
face  when  released? 

QUESTIONS. 

1.  A  glass  sphere  which  weighs  100  gm.  in  air  weighs  60  gm.  in 
water  and  40  gm.  in  sulphuric  acid  of  a  certam  strength.  What  is 
the  specific  gravity  of  the  glass? 

What  is  the  specific  gravity  of  the  sulphuric  acid? 

2.  A  vessel  contains  a  layer  of  water  10  cm.  deep  and  above  this  a 
layer  of  kerosene  (sp.  gr  0.8)  10  cm  deep.  What  is  the  weight  of 
a  cube,  each  edge  of  which  is  10  cm.  long,  that,  if  placed  in  this  ves- 
sel, will  sink  till  one-half  its  volume  is  in  the  water  and  one-half  in 
the  kerosene?  Arts.  900  gm.  What  is  its  specific  gravity?  AnM. 
0.9. 

3.  A  certain  ship  weighs  with  its  cargo  10,000  tons. 

(a)  How  many  cubic  feet  of  fresh  water  would  it  displace? 
(6)  How  many  cubic  feet  of  sea-water  of  specific  gravity  1.026 
would  it  displace? 

4.  If  1  cu.  cm.  of  mercury  weighs  13.6  gm  and  1  cu.  cm,  of  coik 
weighs  0.25  gm.,  how  deep  will  a  cylinder  of  cork  20  cm.  long  sink 
when  placed  on  end  in  mercury? 

5.  Which  has  the  greater  specific  gravity,  cream  or  skimmed 
milk? 

6.  A  piece  of  cloth  thrown  upon  water  will  float  at  first  and  after- 
ward sink.     Why  does  it  not  sink  at  once? 

7.  Can  the  pupil  tell  from  his  own  observation  which  of  the  fol- 
lowing substances  are  more  dense  and  which  are  less  dense  than 
water:  kerosene-oil,  ordinary  lubricating-oil,  butter  cheese,  potik 
toes,  eggs,  meat,  ice,  india-rubber? 


CHAPTER  III. 
FLUID-PRESSURE. 

30.  Fluids. — ^Water  and  air  readily  iiow  from  one  position 
or  shape  to  another.  They  are  examples  of  that  class  of 
substances  called  fluids.  Fine  sand  and  other  hke  sub- 
stances flow  in  a  certain  way,  but  examination  shows  them 
to  consist  of  Uttle  hard  or  tough  particles  very  different 
from  equally  small  particles  of  water. 

Fluids  are  divided  into  liquids  and  gases.  Water  is  an 
example  of  the  liquids;   air  an  example  of  the  gases. 

31.  Fluid-pressure. — Fluids  settle  snugly  aroimd  solid, 
that  is,  non-fluid,  bodies  placed  in  them  and  act  upon  these 
bodies  with  a  pecuUarly  even  pressure.  We  shall  now  make 
some  experiments  with  hquid-pressure  and  later  with  gas- 
pressure. 

EXPERIMENTS  WITH  PRESSURE-GAUGE. 

Fill  the  gallon  glass  jar  (No.  10)  with  water  to  a  level  about  one 
inch  from  the  top.  Close  the  smaller  end  of  a  student-lamp  chim- 
ney tight  with  a  good  cork  stopper.  Make  the  pressure-gauge  (No. 
I)  ready  for  use  by  the  following  operation,  after  putting  on  a  fresh 
rubber  diaphragm,  if  necessary,  and  cleaning  the  bore  of  the  index- 
tube  with  soap  and  water:  Release  the  glass  tube  from  the  rubber 
tube  and  wet  the  whole  length  of  the  glass  tube  inside  with  water, 
leaving  within  it  a  column  of  water  about  one-half  inch  long  to 
serve  as  an  index.*  Hold  the  gauge  itself  under  water  for  a  little 
time  before  reconnecting  the  glass  tube  with  the  rubber  tube,  in 
order  to  allow  the  air  within  the  gauge  to  come  to  the  temperature 

*  It  may  be  necessary  to  use  water  colored  by  some  aniline  dye 
before  a  large  class. 
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of  the  water.     On  reconnecting  the  glass  tube  leave  the  water-index 
near  the  rubber  tube. 

Different  Levels. — Now  push  the  gauge  down  into  the  jar  and 
raise  and  lower  it  repeatedly  in  the  water,  keeping  the  glass  tube 
with  the  water-index  horizontal,  and  let  the  class  determine  from  the 
movements  of  this  index  whether  the  pressure  of  the  water  against 
the  rubber  diaphragm  increases  or  decreases  when  the  gauge  is 
pushed  deeper  in  the  water. 

Different  Directions. — Rest  the  bottom  of  the  supporting 
pillar  of  the  gauge  upon  the  bottom  of  the  jar,  and,  still  keeping  the 
glass  tube  horizontal,  turn  the  upper  pulley  so  that  by  means  of 
the  rubber  band  the  lower  pulley  will  be  turned  and  the  rubber 
diaphragm  will  face  downward,  sidewise,  and  upward  in  succession, 
its  centre  remaining  practically  unchanged  in  position.  Let  the 
class  determine  by  watching  the  water-index  whether  the  pressure 
upon  the  rubber  diaphragm  is  any  greater  when  it  faces  upward  than 
when  it  faces  downward  or  sidewise. 

Different  Points  on  the  Same  Level. — Push  the  closed  end 
of  the  lamp-chimney  down  into  the  water  till  it  is  near  the  bottom 
of  the  jar.  Move  the  gauge  face  about,  without  changing  its  level, 
so  as  to  bring  it  under  this  closed  end.  Move  it  now  out  of  and  now 
into  this  position,  thus  changing  the  depth  of  water  immediately 
above  it  from  one-half  inch  or  less  to  several  inches.  Let  the  class 
determine  by  watching  the  index  whether  such  changes  of  p>ositiony 
without  change  of  level j  make  any  difference  in  the  pressure  against 
the  gauge-face. 

The  facts  shown  by  these  experiments  are,  for  liquids 
at  rest: 

1.  Pressure  increases  with  descent  in  the  liquid  and 
decreases  with  ascent; 

2.  Pressure  at  a  given  point  is  equally  great  in  all  direc- 
tions ; 

3.  Pressure  is  equally  great  at  all  points  on  the  same  level 
in  any  one  body  of  a  single  liquid. 

We  shall  find  like  facts  for  gases.  The  word  fluid  can 
be  used  instead  of  liquid  in  all  three  statements. 

The  laws  of  fluids  at  rest  are  called  the  laws  of  hydro- 
statics. 
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We  shall  make  considerable  use  farther  on  of  the  facts 
brought  out  by  these  experiments.  Just  here  we  can  see 
that  they  explain,  at  least  in  a  general  way,  why  a  body 
immersed  in  water  weighs,  or  appears  to  weigh,  less  than 
when  in  the  air.  For  we  see  that  there  is  an  upward 
pressure  of  the  water  against  the  under  side  of  the  body, 
and  that  this  upward  pressure  is  greater  than  the  down- 
ward pressure  against  the  upper  side  of  the  body. 

32.  Slight  Effect  of  Pressure  upon  the  Density  of  Water. 

— ^Having  seen  that  there  is  greater  pressure  on  low  levels 
than  on  high  levels  in  water,  we  may  well  ask  whether 
this  greater  pressure  crowds  the  particles  of  water  closer 
together  on  the  low  levels,  thus  making  the  water  denser 
than  on  high  levels.  In  fact  there  is  an  effect  of  this  kind, 
but  it  is  so  slight  that  we  need  take  no  account  of  it  in 
any  ordinary  case.  It  is  very  difficult  to  compress  water 
much. 

EXPERIMENT. 

Fill  a  bottle  with  water  and  close  it  with  a  rubber  stopper  having 
one  hole  through  it.  Then,  holding  the  stopper  firmly  in  place,  push 
down  into  the  hole  a  solid  brass  rod  of  a  size  to  fit  rather  closely. 
The  bottle  will  probably  be  broken  by  this  effort  to  compress  the 
water  within  it.     (App.  No.  II.) 

33.  Uniform  Increase  of  Pressure  with  Depth. — ^We 

have  not  made,  and  cannot  well  make  with  the  gauge 
used,  any  accurate  measurement  of  the  rate  at  which 
pressure  changes  with  change  of  level  in  water.  The  fact  is, 
however,  that  if  we  place  a  surface  of  1  sq.  cm.  horizontal 
at  any  depth  in  water  the  column  of  water  just  above 
it  is  resting  upon  the  given  surface.*    If  we  carry  the 

*  The  pressure  up>on  the  given  surface  may  be  greater  than  the 
weight  of  the  column  of  water  resting  upon  it,  for  there  may  be,  and 
usuajly  is,  a  downward  pressure  of  air  or  something  else  upon  the 
top  of  the  water-column. 
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given  surface  down  1  cm.  farther,  we  now  have  resting 
upon  it  a  load  somewhat  greater  than  before^  greater  by 
the  weight  of  the  additional  1  cu.  cm.  of  water  which 
is  now  above  it.  As  1  cu.  cm.  of  water  weighs  1  gm., 
the  pressure  upon  a  surface  of  1  sq.  cm.  changes  by  1  gm. 
for  each  1  cm.  change  of  level  in  the  water. 

If  we  were  dealing  with  any  other  liquid  than  water,  and 
if  d  were  the  density  (§  22)  of  this  liquid,  the  pressure 
on  a  horizontal  surface  of  1  sq.  cm.  at  a  depth  h  em.  in 
this  Uquid  would  be  hd  grams  greater  than  the  pressure 
on  1  sq.  cm.  at  the  upper  surface  of  the  liquid. 


QUESTIONS. 

A  cubical  box,  10  cm.  along  each  edge,  has  extending  from  its  top, 
as  in  Fig.  11,  a  tube  15  cm.  tall  and  1  sq.  cm.  in  cross-section  (inside). 

(1)  If  the  box,  but  not  the  tube,  is  full  of 
water,  how  great  is  the  water-pressiure  on 
the  whole  of  the  bottom? 

(2)  If  the  tube  as  well  as  the  box  is  full 
of  water,  how  great  is  the  pressure  upon  that 
one  sq.  cm.  of  the  bottom  which  lies  just 
beneath  the  tube? 

(3)  Is  the  pressure  equally  great  per  sq. 
cm.  at  other  parts  of  the  bottom? 

(4)  How  much  is  the  total  pressure  now 
on  the  bottom  of  the  box? 

(5)  How  great  is  the  pressure  per  sq.  cm. 
at  the  top  of  the  box  just  at  the  bottom  of 
the  tube? 

(6)  How  great  is  the  total  upward  pressure 
of  the  water  against  the  top  of  the  box? 

(Disregard  the  atmospheric  pressure  upon 
the  top  of  the  water-column  in  all  these 
questions  at  first.  Afterward  call  this  at- 
mospheric pressure  1000  gm.  per  sq.  cm., 
and  ask  the  same  questions  as  before. 
What  would  be  the  answers  to  questions  1-6  if  sulphuric  acid  of 
density  1.8  were  used  instead  of  water? 
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An  upright  cylindrical  jar  20  cm.  deep,  the  base  of  i^hich  is  100  sq. 
cm.  inside,  is  filled  with  water. 

(7)  What  is  the  weight  of  water  resting  on  each  sq.  cm.  of  the  base? 

(8)  If  the  pressure  of  the  air  is  1000  gm.  on  each  sq.  cm.  of  the  top 
of  the  water,  what  is  the  total  pressure  on  each  sq.  cm.  of  the  base? 

(9)  What  is  the  total  pressure  upon  a  horizontal  sq.  cm.  at  the 
depth  of  5  cm.  ?  at  a  depth  of  10  cm.  ?  at  a  depth  of  15  cm.  ? 

(10)  What  is  the  total  pressure  upon  asq.  cm.  of  the  vertical  wall, 
the  centre  of  the  square  being  at  a  depth  of  5  cm.  in  the  water?  at 
a  depth  of  10  cm.?  at  a  depth  of  15  cm.?     (See  p.  28.) 

Let  the  jar  be  closed  by  a  flat  cover  touching  the  water,  having 
an  open  tube  1  sq.  cm.  in  cross-section  rising  from  its  centre  and  ex- 
tending upward  30  cm.  above  the  top  of  the  jar.  Let  both  jar  and 
tube  be  full  of  water.  '  Let  the  atmospheric  pressure  be  disregarded. 

(11)  What  is  the  total  weight  of  water  in  the  jar  and  tube? 

(12)  What  is  the  total  pressure  of  the  water  upon  the  whole  base? 

(13)  What  is  the  total  upward  pressure  of  the  water  against  the 
whole  cover? 

(14)  Subtract  the  total  upward  pressure  against  the  cover  from  the 
total  downward  pressure  against  the  base  and  compare  the  result 
with  the  weight  of  all  the  water  in  the  jar  and  tube. 

Suppose  now  that  in  some  way  a  pressure  equal  to  the  weight  of 
50  gm.  is  brought  to  bear  upon  the  top  of  the  water  in  the  tube. 

(15)  What  will  now  be  the  pressure  upon  the  sq.  cm.  which  lies 
at  the  top  of  the  jar,  just  beneath  the  tube? 

(16)  How  much  will  the  total  pressure  against  the  bottom  of  the 
jar  be  increased  by  the  action  of  the  piston? 

(17)  What  is  the  total  pressure  upon  1  sq.  cm.  of  the  vertical  side 
of  the  jar  before  the  piston  is  made  to  act,  the  centre  of  the  square 
being  at  a  depth  of  5  cm.  beneath  the  cover  of  the  jar  ?  at  a  depth 
of  10  cm. ?  at  a  depth  of  15  cm.? 

(18)  What  is  the  pressure  upon  each  of  these  vertical  squares 
after  the  piston  is  made  to  act? 

34.  Pascal's  Principle. — ^A  part  of  what  is  taught  by 
the  preceding  experiments  and  questions  is  summed  up  in 
a  principle  announced  by  the  French  physicist  Pascal 
about  the  middle  of  the  seventeenth  centur}^:  '*If  a  vessel 
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full  of  water,  closed  in  all  parts,  has  two  openings  of  which 
the  one  is  a  hundred  times  the  other,  placing  in  each  a 
piston  which  fits  it,  a  man  pushing  the  small  piston  will 
equal  the  force  of  a  himdred  men  who  push  that  which  is 
a  hundred  times  as  large,  and  will  surpass  that  of  ninety- 
nine.  Whatever  proportion  these  openings  have,  and 
whatever  direction  the  pistons  have,  if  the  forces  that  one 
applies  on  the  pistons  are  as  the  openings,  they  will  be  in 
equilibriimi.". 
The  principle  is  usually  stated  nearly  as  follows: 
Pressure  exerted  anywhere  upon  a  mass  of  liquid  is 
transmitted  undiminished  in  all  directions,  and  a^As  with 
the  same  force  upon  all  equal  surfax^es  in  a  direction  at  right 
angles  to  those  surfaces. 

This  principle  when  properly  applied  is  extremely  useful, 
but,  imless  it  is  carefully  il  last  rated  and  discussed,  students 
often  get  from  it  the  false  notion  that  pressure  is  equally 
great  at  all  parts  of  a  liquid. 

35.  The  Hydrostatic  Press. — The  short  metal  cylinder 

(No.    LII),*    shown    in    Fig.    12, 


^ 


J 


^^r 


may  conveniently  be  used  to  illus- 
trate Pascars  principle  and  its 
application  in  the  hydrostaiic  press, 
a  simple  machine  for  lifting  great 
weights  or  compressing  bulky  ni»- 


Fio.  12.  terials,  such  as  hay  and  cotton. 

EXPERIMENT. 

Wire  a  stout  rubber  tube  firmly  on  to  the  short  brass  tube  C,  force 
the  piston  A  to  the  bottom  of  the  cylinder,  and  then,  holding  the  free 
end  of  the  tube  as  high  as  possible  above  the  cylinder,  pour  in  water 
through  a  funnel,  while  the  upward  movement  of  the  piston  is 
resisted  by  the  application  of  heavy  weights. 

*  Devised  by  Mr.  A.  P.  Gage. 
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In  the  case  of  the  apparatus  just  used  the  pressure 
Xsrhich  moves  the  piston  is  due  to  the  weight  of  the  water 
in  the  upright  tube.  The  hydrostatic  press  usually  depends 
for  its  action  on  the  pressure  applied  to  the  Uquid  in  a 
large  cylinder  from  a  plunger  working  in  a  smaller  cyUnder, 
often  at  a  considerable  distance.  The  ram  or  larger 
plunger  (A,  Fig.  13)  is  so  arranged  as  to  work  water-tight 


Fig.  13. 

in  the  cylinder  V,  and  the  plunger  D  works  similarly  in 
the  small  cyUnder  a.  Small  quantities  of  water  or  some 
other  liquid  are  successively  forced  from  a  into  V  by  the 
movements  of  D,  and  A  is  raised  very  slowly,  but  \\ith 
great  force. 

Since  the  pressure  per  square  centimeter  exerted  by  the 
small  piston  is  transmitted  undiminished  to  every  part  of 
the  body  of  water  in  both  cylinders,  the  upward  pressure 
exerted  by  the  ram  A,  due  to  the  downward  pressure 
applied  to  the  plimger  D,  will  be  to  this  latter  pressure  as 
the  area  of  the  cross-section  of  A  is  to  the  area  of  the  cross- 
section  of  D,  loss  of  power  through  friction  being  dis- 
regarded. 

We  shall  see  later  (p.  44)  that  similar  effects  can  be 
produced  by  the  pressure  of  a  gas. 

36.  Gas-pressure. — ^We  have  made  some  experiments 
\\ith  liquid-pressure.  We  must  now  begin  to  learn  sr>me- 
thing  about  air-pressure,  which  in  some  practical  nvaXViXS 
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of  every-day  life  has  a  very  important  conin 
water-pressure.  We  will  at  the  start  repeat  ii 
varied  form  a  famous  experiment  first  made  b; 
an  Italian,  about  the  middle  of  the  seventeen 
It  is  intended  to  show  the  pressure  of  air  aboi 
is  called  atmospheric  pressure. 

EXPERIlfENT. 

Take  a  strong  glass  tube  about  100  cm  long  and  0.8 
eter  of  bore,  closed  at  one  end  Holding 
clined,  with  the  closed  end  downward,  j 
slowly  into  it  through  a  small  fimnel  of  g 
tapping  or  shaking  the  tube  occasionally  to 
bubbles  held  in  the  mercury.  When  the 
press  one  finger  closely  over  the  open  en 
tube,  plunge  the  end  closed  by  the  finger 
surface  of  mercury  in  a  vessel,  and  then 
finger.  The  mercury  falls  away  from  th 
tube  for  a  certain  distance  and  then  s 
several  centimeters  of  the  tube  apparently  i 
Fig.  14. 

37.  Explanation. — It  was  known 
time  of  Torricelli  that  if  air  was  dra\^ 
upper  part  of  a  tube  the  lower  en 
rested  in  water  the  water  would  rise  i 
but  the  true  reason  for  this  was  i 
rfp^  Torricelli  maintained,  and  Pascal,  a  ] 
ffcLir-  showed  by  experimenting  at  different 
the  air,  that  the  pressure  of  the  atmo 
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to  its  Weight,  accounted  for  the  nse  of 
vacuum.    We  have  only  to  think  of  the  fact  t 
although  its  density  is  very  small  compared  v 
water,  has,  because  of  its  great  quantity,  a  gr 

♦  Really  this  space  contains  a  very  little  air,  from  the 
were  in  the  mercury-column  before  it  was  inverted,  bul 
we  may  at  present  disregard  it  and  consider  the  space  al 
cury  as  empty.  Such  a  space  is  called  a  racutim,  from 
meaning  empty. 
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and  we  see  that  the  air,  pressing  upon  the  mercury-surface 
m  the  open  vessel  balances  the  column  of  mercury  in  the 
tube. 

38.  Balancing  Liquid  Columns.  —  The  principles  of 
hydrostatics  with  which  we  have  now  become  familiar 
enable  us  to  determine  the  specific  gravity  of  liquids  with 
much  accuracy  by  the  method  of  balancing  columns. 
The  form  of  apiparatus  shown  in  Fig.  15  cannot  well  be 
used  with  liquids  which  naturally  mix  with  each  other, 
as  alcohol  and  water  do.  Later  the  same  general  method 
will  be  used  in  the  form  that  does  not  bring  the  two  liquids 
into  contact  with  each  other.     See  Exercise  8. 

EXPERIMENT. 

Take  a  bent  glass  tube  (App.  No.  XIII,  Fig.  15)  each  arm  of  which 
is  about  one  foot  long,  and  pour  water  into  it  till  both  arms  are 
about  half  full;  then  pour  kerosene  into  one  arm  till  it  is  nearly  full. 
Does  the  water  now  stand  as  high  in  the  other  arm  as 
the  kerosene  does  in  the  first  arm?  Can  you  from  this 
experiment  see  a  method  for  finding  the  specific  gravity 
of  a  liquid? 

QUESTIONS. 

(1)  Does  water  stand  at  the  same  level  in  the  spout  as 
in  the  main  part  of  a  watering-pot? 

(2)  If  one  branch  of  a  U-tube  (Fig.  15)  were  larger  than 
the  other,  would  water  stand  at  the  same  level  in  both? 

(3)  Is  it  necessary  in  finding  the  specific  gravity  of  a 
liquid  by  the  method  indicated  in  Art.  38  to  have  the 
two  branches  of  the  tube  equally  large?  Fig.  15. 

(4)  Does  the  height  of  mercury  in  the  tube  of  Fig.  14  depend  upon 
the  size  of  the  tube?  (We  neglect  at  present  what  is  called  the 
capillary  effect.     See  Chapter  IV.) 

(5)  At  what  height  in  the  column  of  Fig.  14  is  the  pressure  per 
unit  area  equal  to  that  of  the  atmosphere? 

(6)  If  in  Fig.  14  the  height  of  the  mercury-column,  of  specific 
gravity  13.6,  is  76  cm.,  how  tall  a  column  of  water  could  be  sustained 
by  the  atmospheric  pressure  if  there  were  a  vacuum  above  the 
water?     (Give  the  answer  in  ft.  as  well  as  in  cm.) 
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EXERCISE  S  (31  In  old  Utl). 

SPECIFIC  GRAVITY  OF  A  LIQIID  BY  BALAXCIXG  COlUMItS. 

Apparaliix:  Artirles  64,  65,  and  66.     Water  tor  one  of  the  tuinblos 

and  a  nearly  Baturat<'d  aolution  of  sulphate  of  copper  for  the  otiwr. 

Plaee  the  free  ends  of  the  glass  tubea  one  in  the  water  and  the 

other  in  the  sulphate  of  copper,  and  fix  them  in  a  vertical  position 

t  the  upright  (see  Fig.  Ifi).     Obsene  and  TMord  the  hn^t 

to  which  each  liquid  rises  in 

tube    by    capillary-   action, 

pinch-cock  being  open. 

Applying  the  lipe  •  to  the  o 
rubber  tube  at  the  top,  draw  out 
some  of  the  ajr,  thus  r^ing  tim 
two  liquids  in  their  respective 
tubes,  ^^'hen  the  taller  column 
reaches  nearly  to  the  top  of  the 
glass  tube,  pinch  the  rubber  tubo 
near  the  lips,  and  then  eloae  the 
pinch-cock.  Watj^h  the  coIuhim 
to  make  sure  that  there  is  no  fall- 
ing of  their  surfaces,  aa  there 
wQl  be  if  the  connections  are  not 
air-tight.  (It  is  well  to  moisten 
the  connections  occasionally  with 
a  little  glycerine  to  keep  them 
air-tight.) 

When  assured  that  the  col- 
umns are  not  sinlcing,  measure 
carefully  the  height  of  each  from 
the  present  level  of  the  liquid  sur- 
face in  the  correspond!  ng  tumbler. 
Subtract  from  the  hdght  of 
each  column  as  thus  measured 
the  height  to  which  it  was  raised 
by  capillary  action  at  the  begin- 
ning. 
From  the  data  now  obtained 
find  the  specific  gravity  of  the  aoluiion  of  sulphate  of  copper, 

♦  This  use  of  the  lips  can  be  avoided  by  using  a  small  air-pumn 
To  prevent  too  sudden  action  of  the  pump  a  large  bottle  should  £• 
inserted  between  it  and  the  upright  tube. 
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39.  Further  Study  of  Atmospheric  Pressure — Barom- 
eter.— By  measuring  the  difference  in  height  of  the  two 
mercury-surfaces  in  Fig.  14  we  can  get  a  measure  of  the 
atmospheric  pressure.  We  find  that  the  atmospheric 
pressure  is  about  as  great  upon  the  surface  of  the  earth 
as  would  be  the  pressure  of  a  layer  of  mercury  q 
76  cm.  deep,  or  a  layer  of  water  about  10.3  m. 
deep,  over  the  whole  earth. 

If  we  fasten  the  apparatus  that  is  shown  in  Fig. 
14  to  a  suitable  support,  it  will  serve  per- 
manently as  a  rude  barometerj  indicating  the 
variations  of  the  atmospheric  pressure. 

A  better  form  of  barometer  is  shown  in  Fig.  17. 
The  mercury  reservoir,  or  cistern,  is  covered  to 
prevent  loss  of  mercury  when  the  instrument  is 
carried  about  or  jostled,  and  the  glass  tube,  which 
may  be  1.5  cm.  or  more  in  diameter,  is  placed 
for  protection  and  support  inside  a  tube  of  brass, 
on  which  is  a  scale  divided  either  into  inches  and 
tenths  of  inches,  or  into  centimeters  and  milli- 
meters. 

The  scale  is  marked  as  if  it  began  at  a  certain 
level  in  the  mercury  cistern,  and  the  indications  of 
the  barometer  are  correct  only  when  the  surface  of 
the  mercury  in  the  cistern  is  maintained  at  this 
fixed   level.     This  result  is   attained  by  raising 
or  lowering  the  flexible  leathern  bottom  of  the 
mercury  cistern  by  turning  a  screw,  worked  by 
a  milled  head,  until  the  upper  surface  of  the  mer- 
cury in  the  cistern  just  touches  the  point  of  a  pin 
reaching  down  from  the  top  of  the  cistern.     In   ^^^  ^^ 
the  use  of  a  barometer  of  this  class  the  level  of 
the  mercury  in  the  cistern  should  first  be  adjusted,  and 
after  this  the  height  of  the  column  is  to  be  read  on  the 
scale  alongside  the  tube. 
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The  top  of  the  mercury  column  in  a  glass  tube  is  usually 
convex,  and  *' capillary  action'*  (see  §  58)  tends  to  push 
down  such  a  column.  The  effect  thus  produced  in  a  tube  of 
considerable  size,  1  cm.  diameter  for  example,  is  very  smalL 
Sometimes  a  column  that  has  recently  been  sinking  has 
a  flat  or  concave  top.  In  such  a  case  it  is  well  to  tap 
the  side  of  the  barometer  with  the  fingers  a  number  of 
times  before  taking  a  reading.  The  height  of  the  very 
top  of  the  convex  surface  of  the  mercury  in  the  tube 
should  be  taken  as  the  height  of  the  column. 

40.  Pressure  in  Different  Directions. — Air-pressiu^,  like 
liquid-pressure,  is  at  any  given  point  equal  in  all  direc- 
tions, if  the  air  is  at  rest. 

EXPERIMENT. 

Take  a  strong  thistle-tube  (No.  IV)  of 
the  shape  shown  in  Fig.  18  and  tie  a  piece 
of  thick  sheet  rubber  across  the  mouth, 
which  may  be  about  1  inch  in  diameter. 
Make  the  covering  air-tight  by  means  of 
some  cement,  melted  beeswax  and  rosin, 
for  instance,  poured  in  at  the  point  /.  (Con- 
nect this  thistle-tube  bv  means  of  a  thick- 
walled  rubber  tube  to  an  air-pump  (No. 
Y)j  and  exhaust  the  air.  The  rubber  cap, 
not  being  sup^wrted  by  air-pressure  be- 
neath, will  now  be  pushed  down  by  the  at- 
mospheric pressure  into  a  deep  cup-shape. 
Pinch  the  ru])ber  tube  so  that  no  air  shall 
leak  back  into  the  thistle-tube,  and  then 
turn  the  mouth  of  the  latter  in  all  direc- 
tions, sidewise,  downward,  and  oblique. 
Observe  whether  the  depth  of  the  rubber 
cup  changes  during  this  operation,  as  it 
would  do  if  the  pressure  upon  it  changed. 

41  ♦  Variations  of  Atmospheric  Pressure — Measurement 
of  Heights  by  Barometer. — We  should  find  by  proper 
experiments  that  m  air  at  rest,  as  in  water  at  rest,  pressure 
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is  equally  great  at  all  points  on  the  same  level.  We  should 
find,  also,  that  the  air-pressure  diminishes  with  increase 
of  height  from  the  earth's  surface,  but,  as  the  density  of 
air  is  very  little  compared  with  that  of  water,  it  requires 
a  considerable  change  of  level  to  make  much  difference 
in  the  air-pressure. 

The  rate  at  which  atmospheric  pressure  decreases  with 
increase  of  height  being  well  known,  it  is  a  common  prac- 
tice to  estimate  the  height  of  mountains  by  noting  the 
difference  of  atmospheric  pressure  at  the  siunmit  and 
base.  "Aneroid'^  barometers  are  frequently  used  for 
such  work.  Aneroid  means  without  liquid.  An  aneroid 
barometer  contains  no  mercury  nor  other  liquid.  It  is 
an  air-tight  metal  box  with  a  flexible  metal  cover.  The 
middle  of  the  cover  moves  in  or  out  slightly  ^vith  changes 
of  pressure,  and  its  slight  motions  are  magnified  to  the  eye 
by  various  mechanical  contrivances.  Some  aneroid  ba- 
rometers are  about  as  large  as  ordinary  watches  and 
look  much  like  them. 

For  small  changes  of  elevation  near  the  sea-level,  a 
fall  of  0.1  inch  of  the  barometer  corresponds  to  an  eleva- 
tion of  87  feet,  or  about  1  millimeter  to  10  meters,  but 
this  simple  rule  does  not  hold  for  great  changes  of  height, 
such  as  occur  in  balloon  ascensions  or  in  mountain  climbing. 

The  daily  and  hourly  changes  in  the  height  of  the  ba- 
rometer may  be  couBiderable.  These  barometric  changes 
mvist  be  noted  when  any  careful  experiments  upon  pressure 
of  gases  are  being  performed,  in  order  that  the  experi- 
menter may  know  to  just  what  pressure  the  gas  under 
examination  is  really  exposed. 

42.  Height    of    "Homogeneous   Atmosphere." — The 

^^ height  of  the  homogeneous  atmosphere^ ^  is  a  common 
phrase  which  means  the  height  that  would  be  necessary 
to  produce  the  *' standard*!  atmospheric  pressure,  of  70 
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cm.  of  mercury,  if  the  air  had  at  all  heights  the  same 
density  which  it  has  at  the  sea-level  under  ''standard 
conditions/'  that  is,  standard  barometric  pressure  and 
temperature  of  freezing  water.  In  fact,  air  is  far  from 
having  the  same  density  at  all  heights^  and  it  is  impossible 
to  tell  how  high  our  atmosphere  extends.  It  has  prob- 
ably no  definite  limit. 

QUESTIONS. 

(1)  If  the  density  of  mercury  is  13.6  and  that  of  standard  air  is 
.fX)129,  each  in  gm.  per  cu.  cm.,  how  great  is  the  height  of  the 
**  homogeneous  atmosphere  "?  Ans.  8012  m.  neariy. 

(2)  How  much,  approximately,  is  the  difference  between  the  read- 
inj^s  of  two  accurate  barometers,  placed  one  at  the  bottom  and  the 
other  at  the  top  of  a  Chicago  building  having  20  stories  averaging 
9.5  ft.  high? 

(3)  If  water  were  used  in  a  barometer  instead  of  n^ercury,  how 
many  cm.  tall  would  the  colunm  be  under  ordinary  atmospheric 
pressure? 

(4)  How  tall  would  the  mercury  barometric  column  be  if  its  baac 
were  at  a  depth  of  20  m.  in  water? 

(5)  What  is  the  weight,  in  kgm.,  of  the  air  contained  under  stand- 
ard conditions  (see  Problem  1)  in  a  room  20  m.  long,  15  m,  wide,  and 
8  m.  high? 

43.  The  Compressibility  of  Gases. — We  have  se^i  a 
number  of  resemblances  between  gases  and  liquids.  We 
must  now  take  account  of  one  very  marked  difference 
between  them.  It  is,  as  we  know,  very  diflBcult  to  com- 
press water  much,  but  it  is  very  easy  to  compress  air. 

EXERCISE  9  (33  in  old  Ust). 
COMPRESSIBILITY  OF  AIR;    BOYLE'S  LAW. 
Apparatus:  No.  67,  and  No.  66  to  support  it.     Sufficient  mercury 
to  fill  at  least  the  long  arm  of  the  tube.     A  barometer  (No.  68). 

Pour  into  the  bent  glass  tube  sufficient  mercury  to  fill  the  bend 
and  rise  to  the  straight  part  in  each  arm.  At  fjst  the  mercury  will 
stand  a  little  higher  in  the  long  arm,  but  by  tipping  the  tube  and 
letting  out  a  little  of  the  imprisoned  air  the  level  can  be  made  the 
same  in  })()th  arms,  as  in  Fig.  19,  or  left  only  one  or  two  mm.  hij^ier 
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in  the  long  arm  than  in  the  other.     This  operation  may  well  be  per- 
formed before  the  tube  is  attached  to  its  support. 

Now  measure  the  length  of  the  imprisoned  air-column,  from  the 
curved  top  of  the  mercury-siuf  ace  to  the  curved  top  of  the  bore  of 
the  tube,  taking  care  not  to  handle  the  short  arm  much,  lest  the 
warmth  of  the  hand  expand  the  air,  and  write  the  length  thus  found 
under  the  letter  F  *  in  a  table  like  that  here  indicated. 

V  P  VXP 


The  pressure  upon  this  air  is  now,  if  the  mercury-level  is  the  same 
in  both  arms,  equal  to  that  upon  the  unimprisoned  air.  It  Is  as 
great  as  would  be  exerted  by  a  column  of  mer- 
cury as  tall  as  that  in  the  barometerC  Take, 
then,  a  reading  of  the  barometer,  and  record 
this  reading  under  the  letter  Pf  in  the  table. 
But  if  the  level  is  a  little  higher  in  the  long  arm 
than  in  the  short  arm,  write  under  P  the  height 
of  the  barometer  column  phis  the  excess  of  height 
in  the  long  arm. 

Pour  in  more  mercury  till  the  difference  of  level 
in  the  two  arms  is  about  20  cm.,  then  measure 
again  the  length  of  the  confined  air-column. 
Record  this  length  under  V,  and  record  under 
P  the  barometric  height  plus  the  present  dif- 
ference of  merciuy-level  in  the  arms  of  the  tube. 

Proceed  in  this  way,  by  fairly  uniform  stages, 
measuring  and  recording  at  each  stage,  till  the 
volume  of  the  confined  air-column  is  about  one- 
half  what  it  was  at  first. 

Multiply  each  number  under  V  by  the  cor-  — 
responding   number   under   P,    and   write   the 
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Fig.  19. 

products  in  the  column  headed  T^XP.     An  examination  of  this 
colunm  will  probably  show  a  pretty  close  confirmation  of  Boyle\s  law. 

*  The  length  of  the  air-column  is  equal  to  its  volume,  if  we  take 
for  our  unit  of  volume  in  this  experiment  the  space  contained  in  unit 
length,  1  cm.,  of  the  tube.  The  bore  of  the  tube  is  supposed  to  be 
of  the  same  size  throughout  the  short  arm. 

f  It  is  common  practice  to  measure  pressure  in  terms  of  centi- 
meters of  depth  of  mercury. 
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44.  Discussion  of  Boyle's  Law. — ^The  law  in  question  was 
announced  by  Robert  Boyle,  an  Englishman,  in  1662, 
and  by  Mariotte,  a  Frenchman,  about  sixteen  years  later. 
It  is  often  called  Mariotte's  law.  It  may  be  stated  thus: 
The  volume  of  a  given  body  of  air,  at  a  fixed  temperatwrej 
is  inversely  proportional  to  the  pressure  to  which  U  is  sub- 
jected.   Or  thus: 

y  a  -p,'  that  is,  PV=a  constant  quantity. 

Strictly  speaking,  Exercise  9  can  establish  this  law  only 
for  a  given  amount  of  air  at  a  particular  temperature.  A 
vast  number  of  experiments  were  needed  to  enable  phjrsi- 
cists  to  state  the  law,  with  its  slight  necessary  modifica- 
tions, for  all  known  gases  at  aU  observable  temperatures. 

Boyle,  in  announcing  the  law,  spoke  of  the  '*  Spring  of 
the  Air/*  and  this  phrase  is  very  apt;  for  no  matter  how 
much  or  how  long  a  gas  has  been  compressed,  it  will 
always  return  to  its  original  volume  as  soon  as  the  original 
pressure  and  temperature  are  restored.  In  other  words, 
gases  have  perfect  elasticity  of  volume  (§  197). 

QUESTIONS. 

(1 )  In  the  Exercise  on  Boyle's  law  is  it  necessary  that  the  two  anns 
of  the  glass  tube  should  be  of  the  same  diameter? 

(2)  Would  a  small  solid  body  adhering  to  the  inside  of  the  long 
arm,  in  such  a  way  as  to  make  the  mercury-column  at  that  point 
smaller  than  elsewhere,  affect  the  accuracy  of  the  results? 

(3)  Do  the  numerous  air-bubbles  which  cling  to  the  inside  of  the 
long  ann  affect  the  accuracy  of  the  results? 

(4)  Would  an  air-bubl)le  extending  completely  across  the  bore  of 
the  long  arm,  so  as  to  make  a  real  break  in  the  mercury-colunan,  need 
to  be  considered  in  measuring  the  height  of  the  column? 

(5)  Would  it  be  a  correct  statement  of  Boyle's  law  to  say  that 
equal  successive  additions  to  the  pressure  on  a  body  of  air  cause 
equal  successive  subtractions  from  the  volume  of  the  air? 
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FURTHER  EXPERIMENTS  ILLUSTRATING  FLUID-PRESSURE. 

1.  Take  again  the  pressure-gauge  and  the  accompanying  appara- 
tus (§31).  Fill  the  lamp-chimney  with  water,  and  then,  holding.'a 
card  across  the  open  end,  invert  the  chimney,  lower  the  end  covered 
by  the  card  into  the  water,  and  then  remove  the  card. 

How  does  the  pressure  per  sq.  cm.  inside  the  chimney  on  a  level 
with  the  outside  water-surface  compare  with  the  pressure  per  sq. 
cm.  at  this  outer  surface,  that  is,  the  atmospheric  pressure? 

How,  then,  will  the  pressure  per  sq.  cm.  at  points  higher  in  the 
chimney  compare  with  the  atmospheric  pressure? 

After  these  questions  have  been  answered  by  the  aid  of  what  the 
class  already  knows  about  liquid-pressure,  test  the  correctness  of  the 
answer  by  means  of  the  gauge. 

2.  Take  a  long  narrow  glass  tube  open  at  both  ends,  and  dip  one 
end  into  a  vessel  of  jrater.  Apply  the  lips  to  the  other  end  and 
draw  the  water  up  till  the  tube  is  filled. 

In  what  sense  is  the  water  drawn  up? 

3.  After  nearly  filling  the  tube,  as  in  Experiment  2,  quickly  close 
the  top  with  a  finger  and  then  lift  the  lower  end  from  the  water. 
Uncover  the  top  of  the  tube  for  an  instant,  then  cover  it  again. 

Explain  the  behavior  of  the  water  during  these  operations. 

4.  Fill  or  nearly  fill  a  tumbler  or  broad-mouthed  bottle  with  water 
and  then  cover  it  with  a  sheet  of  thick  paper.  Hold  the  paper  finnly 
in  place  with  the  hand  and  invert  the  tumbler;  then  take  away  the 
hand  that  holds  the  paper.  (As  accidents  may  happen,  the  tumbler 
should  be  held  over  some  large  dish.) 

In  this  experiment  it  should  be  noticed  that 
the  paper  does  not  press  close  against  the  rim  of 
the  tumbler  after  the  inversion.  It  hangs  rather 
loose,  having  dropped  down  or  sagged  a  little, 
thus  allowing  the  air  above  the  water  to  expand 
a  trifle,  decreasing  in  pressure. 

5.  Fig.  20  (App.  No.  VHI)  shows  a  bottle 
closed  with  a  rubber  stopper  through  which 
two  glass  tubes,  a  and  6,  open  at  both  ends,  ex- 
tend. To  one  of  the  tubes,  a,  is  attached  a 
rubber  tube,  r.  The  bottle  and  the  two  glass 
tubes  are  full  of  water. 

By  applying  the  lips  to  the  outer  end  of  the 
trde  r  water  can  be  "drawn"  into  the  mouth.     Can  this  be  done 
vvnea  the  tube  h  is  closed  by  a  finger  at  the  top? 
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0.  Show  fame  [orin  of  thp  Oirtesian  dii-rr  (N'o,  XIV),  explaining 
why  it  sinks  when  great«T  prrssure  is  put  upon  the  water  in  which 
it  is  placed. 

7.  Rest  one  end  of  a  board,  about  a  meter  long,  on  a  table  and  die 
other  end  on  the  partly  inflated  "bladder"  of  a  football.  Then 
find  how  heavy  a  weight,  placed  on  the  board  nearly  over  the 
blaijder,  can  be  lifted  by  forcing  ^r  into  the  latter.    See  §  35. 

45,  Hariotte's  Bottle. — Admirable  practice  in  apply- 
ing the  principle  of  hydrostatics  is  afforded  by  a  stu^ 
of  the  phenomena  presented  by  "Mariotte'a  bottle.'' 

BXPEKIMEHT. 

Take  a  bottle  with  three  lateral  openings  (No.  LI),  each  cloeed, 
as  in  fig.  21,  by  a  perforated  rubber  stopper  having  a  small  central 
plug;  fill  the  bottle  with  water  and  insert  in 
the  mouth  a  perforated  cork,  through  which  a 
glass  tube,  30  or  35  cm.  long,  extends  neariy 
to  the  bottom  of  the  bottle.  Take  out  each  <rf 
the  plugs,  a,  b,  and  c,  in  turn,  cotii^;  in  every 
case  whether  water  runs  out  freely,  and  return- 
ing the  plug  again  to  its  place.  Note,  after 
the  removal  of  each  plug,  the  level  at  which 
the  water  stands  in  the  vertical  tube.* 

Refill  the  bottle,  raise  the  tube  until  its 
lower  end  is  on  the  level  half-way  between  a 
and  h,  and  allow  the  water  to  run  from  a  and 
from  b  (for  a  short  time)  in  turn.  Repeat 
with  the  lower  end  of  the  tube  half-way  be- 
tween b  and  c,  allowing  the  water  to  flow  from 
a,  from  6,  and  from  c,  in  turn,  ete. 
Try,  by  means  of  the  principles  reached  on  page  28,  to  expl^ 
all  that  is  puzzling  in  the  states  of  rest  here  seen,  and  to  predict  for 
all  these  states  what  will  be  the  first  effect  of  opening  any  given 
aperture.  Obscr^'e  that  in  all  cases  the  top  of  the  water  column  in 
the  tube  is  a  jree  surface;  that  is,  a  surface  exposed  to  the  direct 
pressure  of  the  outer  air.  Tn  unravelling  hydrostatic  puzsles  it  is 
best  to  begin  at  a  free  surface;  for  at  this  surface  we  know  how 
great  the  pressure  is.  It  is  simply  the  pressure  indicated  by  the 
barometer. 
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46.  The  Siphon. — The  apparatus  illustrated  in  the  fol- 
lowing experiment  is  called  the  siphon.  It  is  found  in 
a  great  variety  of  forms. 

EXPERIUENT. 

Take  two  glaas  tubes,  each  about  6  in,  long,  connected  by  a  rubber 
tube  about  1  ft.  long.  Fill  the  whole  with  water,  then  close  each 
end  with  a  finger.  Hold  one  end  be- 
neath the  aurf ace  of  the  water  in  the 
gallon  jar  (Fig.  22) ;  remove  the  fin- 
ger from  that  end,  and  bring  the 
other  end,  still  closed,  down  outside 
the  jar  to  a  level  loner  than  the 
wat*r-8urtace. 

Is  the  water-pressure  i^ainst  the 
finger  that  closed  the  tube  now 
greater  or  less  than  the  atmospheric 
pressure  upon  an  equally  iarge  sur- 
face? If  greater,  the  water  will  run 
out  when  the  finger  is  removed.  If 
leas,  the  air  will  run  in  and  drive  the 
water  up  in  the  tube  when  the  fin- 
ger is  removed.    Try  the  experi- 

Repeat  the  experiment,  but  now 
hold  the  outer  end  of  the  tube,  before  opening  it,  higher  than  the 
level  of  the  water  in  the  jar. 

47.  Pumps.— Many  contrivances  for  making  fluids  run 
from  one  place  to  another  are  called  pumps.  A  flow  may 
be  caused  by  decreasing  the  pressure  at  the  place  where 
the  fluid  is  to  be  delivered  or  by  increasing  the  pressure 
at  the  place  from  which  it  is  to  be  removed,  provided 
there  is  some  channel  filled  with  fluid  connecting  the 
two  places. 

Most  pumps  have  contrivances  called  valves  which  open 
to  permit  flow  of  liquid  or  gas  in  one  direction,  but  do  not 
open  to  permit  flow  in  the  opposite  direction.  Valves  are 
of  many  forms  and  kinds. 
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EXPERIMENT. 


Show  in  operation  glass  models  of  the  "lifting-pump"  (Appi 
No.  IX,  Fig.  23)  and  "force-pump"  (App.  No.  X,  Fig.  24),  dis- 
cussing their  action,  and  naming  the  most  significant  parts,  the 
cylinders,  pistons,  valves,  and  air-chamber.  There  are,  of  course, 
many  forms  of  pumps  for  liquids.     Those  here  shown  merely  illos- 
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trate  the  principles  of  pump  action.  If  such  pumps  are  used  to 
draw  water  from  a  reservoir  which  is  open  to  the  atmosjdiere,  is 
there  any  limit  to  the  height  at  which  the  lower  valve  may  be 
'  placed  above  the  water  in  the  reservoir?  If  so,  about  how  great 
is  this  limit  under  usual  conditions? 

48.  Air-pumps. — ^The  principles  of  construction  of  the 
air-pump  are  essentially  the  same  as  those  of  the  water- 
pumps  just  described;  and,  indeed,  the  great  blowing- 
engines,  that  supply  the  intense  blast  of  air  to  many  kinds 
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of  furnaces  for  smelting  metals,  work  force-pumps  which 
drive  air  through  tubes,  much  as  an  ordinary  force-pimip 
drives  water.  The  ordinary  air-pump  of  the  lecture- 
room,  however,  is  more  like  the  lifting-pump  of  Fig.  23. 

If  the  valves  of  a  pump  used  to  exhaust  the  air  from 
some  vessel  are  worked  merely  by  the  difference  of  air- 
pressure  on  their  opposite  faces,  the  effective  action  of  the 
pump  ceases  when  the  air-pressure  in  the  vessel  becomes  too 
small  to  open  the  first  valve.  This  often  happens.  Fig.  25 
shows  a  pump  with  an  automatic  lower  valve  at  the  bottom 
of  the  cylinder.  This  valve  is  opened  by  a  rod  which  is 
lifted  a  short  distance  by  the  ascending  piston. 

The  valve  at  the  top  of  the  cylinder  prevents  air  from 
entering  from  above  during  the  downward  stroke  of  the 
piston.  Without  this  valve  there  would  be  a  heavy 
pressure  on  the  top  of  the  piston  all  the  time,  which  would 
make  the  labor  of  working  the  pump  very  great  and 
would  be  likely  to  cause  leakage  downward  past  the 
piston  during  the  upward  stroke.  This  upper  valve  is 
often  a  mere  disk  of  oiled  silk  fastened  down  at  its  centre 
but  free  to  rise  at  the  edge,  which  covers  a  number  of 
small  holes. 

However  carefully  made  the  air-pump  cannot  give  a 
perfect  vacuum.  Even  if  it  is  so  constructed  that  the 
valves  will  be  opened  and  shut  automatically,  the  con- 
binued  action  of  the  pump  can  only  reduce  the  fraction 
3f  an  atmosphere  remaining  in  the  exhausted  vessel  to 
jmaller  and  smaller  values  without  ever  diminishing  it  to 
sero.  For  each  upward  stroke  of  the  piston  can  at  most 
•emove  only  the  air  in  the  cylinder,  leaving  the  air  in  the 
vessel  (-B,  Fig.  25)  and  connecting-pipe  to  expand  and  fill 
ihe  entire  space  contained  by  the  cylinder  (below  the 
)iston),  the  connecting-pipe,  and  the  vessel. 

To  make  the  case  as  simple  as  possible,  suppose  the 
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cylinder  and  the  vessel  to  l)c  of  equal  capacity,  and  the 
pipe  to  be  so  small  that  its  contents  iiiay  be  neglected 
If  the  volume  i>f  air  before  the  first  up-stroke  were  2  litere, 
the  volume  after  that  stroke,  in  vessel  and  cylinder,  would 


evidently  be  4  liters,  and  the  tension  would  have  fallen  to 
one-half  what  it  was  at  first.  The  down-stroke  would 
make  no  change  in  the  pressure  wthin  the  vessel.  Afta 
the  second  up-stroke  the  tension  would  become  J  of  J-,  or  J, 
and  so  on. 

49.  Pumps  for  "  High  Vacua." — ^To  produce  the  nuBt 

perfect  attainable,  or  "highest,"  vacua,  mercuiy-pun^ 
are  commonly  used,  that  is,  pumps  in  which  a  quantity 
of  mercury  acts  as  a  piston,  driving  the  air  before  ii 
Sometimes  the  mercury  is  used  in  a  lai^e  slow-moving 
mass,  sometimes  as  a  small  stream,  or  rapid  succession  li 
small  columns  through  a  tube. 

It  is  obvious  that  a  liquid  piston  fits  better  and  moves 
more  readily  than  a  solid  piston.  The  special  quaUties 
which  recommend  mercury  above  other  liquids  for  use  in 
pumps  are  its  density,  its  peculiarly  slight  tendency  to 
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evaporation,    its    strong    self-attractiou    which    prevcufiS 

it  from  wetting  ttie  glass  tubes  or  vessels  ill  which  it  flows, 

and  its  small  power  of  absorbing  gases. 

Fig.  26  shows  in  very  simple  form  the  upper  part  of  a 

so-called  Sprengel  air-pump.     Mercuty  descends  from  a 

reservoir  at  the  top,  falls  in  drops  from  the  bottom  of 

the  small  glass  tube  within  the  bulb-shaped  space,  and 

Bs  these  drops  descend  through  a  narrow  tube  below, 

they  carry  between  them  small 

quantities    of    air    which    have 

flowed  in  from  the  vessel  which  is 

being    exhausted.     The    vertical 

tube   through   which   the   drops 

descend    from     the    bulb    must 

be    taller   than    the    barometric 

cohimn. 
A    few    years     ago   mefcury- 

pumps,    in   spite   of   their   s'ow 

action,  were  considered  necessary 

for  exhausting  the  bulbs  of  in- 
candescent lamps,   which   must, 

for  effective  working,  be  almost 

completely  emptied  of  air.     Now 

pumps  with  soUd  pistons,  simi- 
lar in  their  general  construction 

and    action    to    that   shown    in 

Fig.  25,  are  used  for  getting  out 

the  greater  part  of  the  air,  two 

pumps  being  used  in  tandem,  one 

to  take  air  directly  from  the  bulb,  the  other  to  take  it 
from  the  cylinder  of  the  first  pump.  After  these  have 
done  their  work,  much  of  the  small  amount  of  air  re- 
maning is  burned  out  by  flashing  some  combustible 
Lterial  in  the  bulb. 
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QUESTIONS. 

(1)  A  water-tank  10  ft.  deep  is  to  be  emptied  by  means  of  a  tubt 
used  as  a  siphon.     What  is  the  least  length  the  tube  can  have? 

(2)  Do  you  imderstand  the  operation  of  the  "trap"  which  aDows 
water  to  flow  from  a  sink  to  a  sewer,  but  does  not  allow  gas  to  come 
from  the  sewer  to  the  sink? 

(3)  Do  you  know  what  serves  as  a  valve  in  a  conmion  bicyde- 
pump? 

The  following  questions  are  given  in  preparation  for  Exercise  10: 

(4)  The  lower  end  of  an  open  tube  rests  in  mercury,  and  the  uj^ 
end  is  connected  with  a  bottle.  If  the  barometer  reads  76  cm.,  how 
high  will  the  mercury  stand  in  the  tube  after  half  the  air  has  been 
pumped  out  from  the  bottle?  after  one-quarter  has  been  pumped 
out?  after  three-quarters? 

(5)  A  tube  bent  into  the  form  of  an  elongated  U  is  placed  with 
its  ends  uppermost,  one  open  to  the  air,  the  other  connected  with  a 
bottle.  Mercury  is  poured  into  the  tube,  and  stands  at  the  same 
level  in  the  two  arms.     See  Iig.  27. 

(a)  How  does  the  air-pressure  in  the  bottle  compare  iRdth  thai 
outside? 

(6)  What  will  be  the  difference  of  level  in  the  two  arms  when 
one-half  the  air  has  been  pumped  from  the  bottle? 

(c)  What  fraction  of  the  original  amount  of  air  in  the  bottie  will 
remain  there  when  the  difference  of  level  in  the  two  arms  is  68  cm., 
the  height  of  the  barometric  column  being  75  cm.? 

50.  Density  of  Gases. — ^The  density  of  air,  or  any  other 
gas,  depends  on  its  temperature  and  the  pressiire  to  'wfaich 
it  is  subjected,  but  it  is  customary  to  give  that  value 
which  holds  when  the  temperature  is  that  of  freeang 
water  and  the  pressure  is  equal  to  that  of  76  cm.  of  me^ 
cury.  These  are  the  so-called  standard  conditions^  but 
in  the  following  Exercise  we  shall  determine  the  dencdty 
of  the  air  at  the  temperature  and  pressure  which  hold 
in  the  laboratory  at  the  time  of  the  experiment. 

Since  the  air  cannot  be  weighed  without  some  contain- 
ing vessel,  it  will  be  necessary,  as  in  obtaining  the  specific 
gravity  of  Uquids  by  the  "specific-gravity  bottle/'  to 
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obtain  the  weight  of  the  bottle  empty,  as  nearly  as  may 
be,  and  then,  by  subtracting  this  from  the  weight  of  the 
bottle  filled  with  air,  to  find  the  weight  of  the  air  itself. 
Strictly,  we  cannot  get  all  of  the  air  out  of  the  bottle, 
and  we  have  to  make  allowance  for  what  remains  in  it. 


EXERCISE  xo  (34  in  old  list). 
DENSITY  OF  AIR. 
Apparatus:  Nos.  68,  69,  70  (supported  by  66),  71,  72,  and  73. 

Set  up  the  apparatus  according  to  Fig.  27,  after  moistening  with 
glycerine  the  junctions  at  which  leakage  might  occur,  and  pour 
mercury  into  the  U-tube  till  both  arms  are  about  half  full. 

Work  the  pump  and  draw  air  from  the  bottle  until  the  difference 
of  mercury-level  in  the  arms  of  the  U-tube  gauge  is  as  much  as  70 
cm.,  then  pinch  the  rubber  tube  that  leads  from  the  pump  very  hard 
and  watch  the  mercury  in  the 
gauge  for  a  short  time  to  see 
whether  it  is  changing  level.  If 
it  is  changing,  there  is  some  leak 
which  should  be  looked  for  and 
stopped.  If  there  is  no  leak, 
read  and  record  the  difference  of 
level  in  the  arms  of  the  mercury- 
gauge,  and  then  immediately  close 
the  pinch-cock  near  the  bottle, 
making  it  thoroughly  tight. 

Disconnect  the  bottle,  with  the 
attached  tube  and  pinch-cock, 
from  the  reft  of  the  apparatus 
and  place  it  on  the  platform  bal- 
ance, after  making  swte  that  this 
balance  is  in  good  condition. 
Weigh  the  bottle  and  attach- 
ments very  carefully,  to  the  near- 
est tenth  of  a  gram  if  possible, 
and  then,  without  removing  the 
bottle  from  the  balpmce,  open 
the  pinch-cock  and  let  the  air 


///////////////////////// 
Fig.  27. 


enter.     Then    weigh    again,    as   carefully  as  before. 
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The  difference  of  the  two  weights  thus  found  is  the  wei^t  d 
the  air  originally  pumped  out  from  the  bottle.  The  reading  of  the 
mercury-gauge,  already  recorded,  compared  with  the  height  of  the 
barometric  coliunn,  which  should  now  be  read,  will  show  what 
fraction  this  was  of  the  whole  amount  of  air  contamed  by  the  bottle 
when  open  to  the  atmosphere,  and  so  the  weight  of  all  l^e  air  in  the 
bottle  can  be  found. 

It  is  now  only  necessary  to  find  the  capacity  of  the  bottle,  in  cu. 
cm.,  in  order  to  be  able  to  calculate  the  density  *  (§  22)  of  the  air. 
The  capacity  of  the  bottle  may  be  found  by  finding  how  many  grams 
of  water  it  will  hold.f 

51.  Weight  of  the  Atmosphere:  Magdebiirg  Hemi- 
spheres. 

EXPERIMENT. 

Push  the  piston  A  of  Fig.  12  to  the  bottom  of  the  cylinder,  doBS 
C  tightly,  fasten  the  ring  at  one  end  o^  the  apparatus  to  a  stout  hook 
in  the  wall  or  other  suitable  attachment,  and  try  to  pull  the  piston 
out  to  the  open  end. 

A  similar  experiment  is  frequently  performed  with  two 
hollow  hemispheres  from  which  most  of  the  air  has  been 
pumped  out.  "The  experiment  with  the  hemispheres 
was  made  for  the  first  time  by  Otto  von  Guericke,  burgo- 
master of  Magdeburg,  who  repeated  it,  in  1654,  at  Ratis- 
bon,  before  Ferdinand  III.  and  the  assembly  of  the  College 
of  the  Empire.  The  hemispheres  were  24  pouces  8  lignes  \ 
in  diameter.  Although  much  air  remained  within  them, 
it  required  12  horses  to  pull  them  apart.  The  gas  (air) 
rushing  into  the  vacuum,  at  the  moment  of  separatioiii 

*  Unless  this  Exercise  is  performed  with  care  and  intelligence  the 
results  will  be  absurdly  inaccurate.  No  balance  available  for  ele- 
mentary laboratory  purposes  is  quite  satisfactory  for  such  weighing 
as  that  here  described.  Nevertheless,  the  Exercise,  if  carefully  done, 
is  instructive  and  profitable. 

t  It  is  well  for  the  teacher  to  determine  the  capacity  of  the  bottle 
once  for  all  and  mark  it  on  a  label,  in  order  to  save  frequent  wetting 
of  the  interior.  Drying  out  bottles  is  a  very  tedious  and  thankless 
task. 

%  That  is,  about  26  inches. 
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produced  a  violent  explosion.  This  celebrated  experi- 
ment helped  to  spread  the  doctrine  of  the  weight  of  the 
air,  and  to  popularize  the  air-pump,  which  Otto  von 
Guericke  had  invented."  * 

QUESTIONS  AlfD  PROBLEMS. 

(The  specific  gravity  of  mercury  when  needed  in  the  following 
problems  is  to  be  taken  as  13.6.  In  dealing  with  most  problems 
the  student  will  be  greatly  assisted  by  making  a  simple  sketch  of  the 
apparatus  or  condition  to  be  considered.) 

(1)  The  upper  surface  of  the  water  in  a  reservoir  is  40  m.  above  a 
city  street.  What  is  the  pressure  per  sq.  cm.  in  the  water-main  at 
the  surface  of  the  street,  in  excess  of  the  atmospheric  pressure? 

(2)  A  man  just  uses  his  whole  weight,  of  70  kgm.,  to  force  a 
smoothly  fitting  plug  into  a  hole  in  the  water-main  of  Problem  (1). 
What  is  the  cross-section  of  the  plug? 

(3)  A  vessel  is  filled  with  water  to  a  depth  of  40  cm.  A  cylinder 
of  wood  30  cm.  long  and  100  sq.  cm.  in  area  of  cross-section,  the 
specific  gravity  of  which  is  0.5,  extends  upward  through  a  hole  in 
the  bottom  of  the  vessel,  the  top  of  the  cylinder  being  20  cm.  beneath 
the  surface  of  the  water.  Show  whether  the  cylinder  tends  to  rise 
or  to  fall,  and  how  great  a  force  is  required  to  hold  it  in  its  present 
pKJsition. 

(4)  The  inside  diameter  of  the  cylinder  in  Fig.  12  being  taken  at 
14.5  cm.,  what  weight  can  be  supported  by  the  piston  when  the 
rubber  tube  attached  contains  a  column  of  water  reaching  2  m. 
above  the  water-level  in  the  cylinder?  Ans.  33.0+  kgm. 

(5)  What  would  the  answer  be  in  Problem  (4)  if  oil  of  sp.  gr. 
0.9  were  substituted  for  water? 

(6)  A  pressure-gauge  is  arranged  so  as  to  register  the  highest 
pressure  to  which  it  is  subjected.  The  barometer-reading  is  76  cm. 
The  gauge  is  lowered  into  a  lake  until  it  registers  a  total  pressure 
(from  atmosphere  and  water  together)  of  5000  gm.  per  sq.  cm.  To 
what  depth  was  it  lowered? 

(7)  A  glass  tube  of  1  cm.  cross-section  and  25  cm.  long,  closed  at 
one  end,  is  fitted  with  a  frictionless  piston  which  slides  in  it  air- 
tight.    The  tube  is  filled  with  air  at  76  cm.  barometer,  and  the  pis- 

*  Daguin's  TraiU  El&mentaire  de  Physique, 
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ton  is  then  forced  in  to  a  point  7  cm.  from  the  closed  end.    "What 
pressure  in  grams  was  applied?  An«.  2656  gm. 

(8)  In  Exercise  9  (the  compression  of  an  air-column)  the  mercury 
stood  at  first  4  cm.  above  the  base-board  in  both  parts,  and  the  top  of 
the  air-column  was  28  cm.  above  the  base-board.  Mercury  was  then 
poured  in  until  its  level  in  the  closed  tube  was  7  cm.  above  the  base- 
board. What  was  the  new  mercury-level  in  the  open  part?  (Barom- 
eter 76  cm.) 

(9)  A  bubble  of  air  liberated  at  a  depth  of  20  meters  under  water 
has  a  volume  of  5  cu.  cm.  What  will  be  its  volume  at  the  moment 
of  reaching  the  surface,  if  the  barometer  stands  at  76  cm.  ? 

(10)  A  tube  of  uniform  cross-section  140  cm.  long,  closed  at  one 
end,  is  plunged,  open  end  downward,  into  a  mercury-well  until 
the  level  of  the  mercury-surface  in  the  tube  is  30  cm.  below  the 
level  of  the  free  mercurv-surf ace  in  the  well.  The  tube  retains  all 
the  air  which  it  held  before  entering  the  mercury.  The  barometric 
pressure  is  76  cm.  What  is  the  final  length  of  the  air-column  in 
the  tube? 

(11)  A  barometer-tube  100  cm.  long,  filled  with  air  at  76  cm. 
barometer,  is  immersed  vertically,  mouth  downward,  in  mercury 
(under  standard  atmospheric  pressure)  until  the  air-column  is  only 
40  cm.  long.  What  is  the  difference  of  level  of  the  mercury  inside 
and  outside  of  the  tube? 

(12)  A  straight  uniform  tube  1  meter  long,  open  at  both  ends,  is 
pushed  vertically  downward  into  a  mercury-tank  till  all  but  10  cm. 
of  its  length  is  submerged.  The  upper  end  is  then  tightly  covered 
and  the  tube  is  raised  till  the  air-column  in  its  top  becomes  30  cm. 
long.  What  is  now  the  height  of  the  mercury-column  in  the  tube 
above  the  general  level  of  the  mercury-surface  in  the  tank,  the  ba- 
rometer column  being  75  cm.  tall  at  the  time? 

(13)  A  quantity  of  air  occupying  5  cu.  cm.,  at  the  atmospheric 
pressure  prevailing,  is  admitted  to  the  space  above  the  mercury- 
column  of  a  barometer,  and  there  expands  until  it  occupies  30  cu. 
cm.  The  mercury-coliunn  under  it  is  now  62.5  cm.  tall.  How  tall 
was  it  before  the  admission  of  the  air? 

(14)  Let  a  Mariotte's  bottle  have  two  lateral  apertures,  and  let  an 
open  tube  extend  vertically  through  the  stopper  at  the  top  of  the 
bottle  to  a  point  between  the  level  of  the  two  lateral  apertures.  The 
bottle  and  the  tube  being  originally  full  of  water — 

(a)  State  and  explain  what  will  take  place  when  the  higher  lateral 
aperture  only  is  opened. 
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CHAPTER  IV. 

MOLECULAR  ATTRACTIONS:    SURFACE  TENSION, 

52.  Adhesion  and  Cohesion. — ^The  surface  of  water 
close  to  a  vertical  wall  of  glass  is  not  horizontal  but  is 
turned  upward,  s<»  as  to  have  a  concave  aspect  as  seen 
from  above.  The  surface  of  mercury,  on  the  other  hand, 
is  turned  downward  near  a  vertical  surface  of  glass,  so 
as  to  have  a  convex  aspect  when  seen  from  above.  These 
facts  are  not  accounted  for  by  the  laws  given  on  page  28, 
The  glass  appears  to  hold  the  water  against  itself  by  some 
force  of  attraction,  and  it  does  do  this.  A  piece  of  glass 
dipped  into  water  comes  out  wet;  that  is,  it  pulls  some  of 
the  water  away  from  the  rest  and  against  the  force  of 
gravity.  On  the  other  hand,  glass  may  appear  to  repel 
mercury;  but  it  does  not  do  so.  If  a  flat-bottomed  glass 
dish  is  fastened  to  a  sensitive  balance  and  the  bottom  of 
the  dish,  clean  and  dry,  is  allowed  to  rest  for  a  moment 
on  a  flat  mercury-surface,  a  very  considerable  force,  in 
addition  to  the  weight  of  the  dish,  will  be  needed  to  sepa- 
rate the  two. 

Attraction  between  adjacent  layers  of  different  sub- 
stances is  called  adhesion.  Attraction  between  adjacent 
particles,  or  molecules^  of  the  same  substance  is  called 
cohesion.     Even  in  a  Uquid  cohesion  may  be  large.    We 

shall  see  (Exercise  46)  that  the  amount  of  energy  (§  246) 

56 
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required  to  separate  the  molecules  of  a  kilogram  of  water 
and  turn  it  into  a  vapor  is  very  great.  If  a  column  of 
some  liquid,  mercury,  for  instance,  is  inclosed  in  a  tube 
to  the  sides  of  which  it  adheres,  so  that  it  cannot  dwindle 
before  pulling  apart,  it  shows  a  very  considerable  tenacity. 

Newton  showed  that  a  column  of  mercury  *  much  taller 
tiian  the  barometric  column  can  be  sustained  vertically 
in  a  glass  tube,  provided  the  air  is  excluded  and  the  mer- 
cury is  in  contact  with  the  closed  top  of  the  tube.  The 
mercury  is,  in  fact,  suspended  by  its  top,  and  must  be 
In  a  somewhat  stretched  condition. 

When  two  layers  of  molecules  are  very  close  together 
tiie  attraction  between  them  is  probably  very  great,  but 
if  they  are  not  very  close  together  the  attraction  is  im- 
Iperceptible.  Quincke  found  that  the  attraction  of  water 
or  of  mercury  for  glass  acted  through  a  very  thin  layer 
dt  some  third  substance  placed  between  them,  but  if 
ithe  thickness  of  the  layer  was  made  as  much  as  .00001 
cm.,  or  even  somewhat  less,  the  action  apparently  ceased. 

53.  Surface-tension,— Within  a  body  of  liquid  the  at- 
traction of  molecule  for  molecule  presses  them  hard 
■together,  but  is  equally  gfeat  in  all  directions  and  does 
not  tend  to  change  the  sftape  of  the  liquid  body;  for  no 
diange  in  the  shape  of  the  body  would  allow  the  interior 
molecules  to  come  nearer  together.  But  the  molecules 
Vt  the  surface,  not  being  siu-rounded  on  oil  sides  by 
attracting  molecules,  may  be  drawn  inward,  thus  coming 
Into  close  relations  with  more  of  their  fellow  molecules. 
This  operation  is  necessarily  accompanied  by  a  contrac- 
iaon  of  the  surface.  The  surface  of  a  body  of  liquid 
therefore  tends  to  become  smaller  and  smaller,  acting 
*  See  Maxwell's  article  on.  Cajiillarii!/  in  the  Encyclupa^dia  Britan- 
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somewhat  like  a  film  of  stretched  india-rubber.  This  fact 
suggests  the  name  surJaceAermonf  which  is  used  in  wm- 
nection  with  many  curious  phenomena,  all  of  which  are 
of  great  interest  to  the  student  of  physics,  and  some  of 
which  are  of  great  practical  importance. 

When  a  body  of  liquid  is  left  free  to  follow  its  own  ten- 
dencies, unaffected  by  forces  from  without,  surface-tension 
brings  it  to  the  form  having  the  least  surface,  that  is,  the 
spherical  form.  Drops  of  melted  lead,  falling  from  a  great 
height  in  a  "shot-tower,"  take  the  spherical  form  as  they 
descend,  and  cool  sufficiently  to  retain  that  shape  on  reach- 
ing the  bottom,  where  they  fall  into  water.  Thus  shot  are 
made.  A  very  small  drop  of  mercury  on  a  table-top 
assumes  a  form  which  is  very  nearly  spherical,  in  spite 
of  its  weight,  which  tends  to  flatten  it  out.  If  the  amount 
of  mercury  is  larger,  the  drop  is  perceptibly  flattened, 
though  it  is  still  convex  at  its  edge.  Water,  on  surfaces 
which  are  not  wetted  by  it,  on  leaves  and  feathers,  for  in- 
stance, imder  certain  conditions,  acts  like  mercury  on 
wood.  If  a  liquid  wets  the  body  on  which  it  rests,  the 
attraction  between  the  two  acts,  with  the  weight,  to  pre- 
vent the  liquid  from  taking  the  spherical  form. 

54.  Liquid  Films. — A  liquid  film  attached  to  a  solid 
boundary  takes  that  shape  which  makes  the  surface  the 
smallest  possible  under  the  circumstances. 

EXPERIMENTS.* 

(All  the  wire  frames  and  the  pipe  described  in  the  following  experiments  will 
be  grouped  in  the  list  of  apparatus  as  No.  L.) 

(1)  Blow  a  small  soap-bubble  with  a  common  pipe,  holding  the 
mouth  of  the  pipe  downward.  Watch  the  bubble  for  a  little  time, 
and  see  whether  it  contracts,  taking  care  not  to  close  the  mouth  end 
of  the  stem. 

*  See  Plateau^s  "  Statique  des  Liquides.'' 
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(2)  Take  a  wire  frame  about  't  pm. 
2S,  the  light  cross-wire  s  being  free  t 
After  dipping  the  parts  s  and  e 

1,  pull  s  some  distance  away  from  e,  ^^^^^^^^^^^ 
hold  g  and  g  horizontal,  and  then  release  s.  " 

(3)  Take  a  wire  franie  of  the  shape  '  ^ 
shown  in  Fig.  29,  the  ring  being  about  4 

cm.  in  diameter.     Dip  this  ring  into  the    ^^^^^^^^^'""^ 
soap    solution,    and    then    blow    gently  ^^^  ^g 

against  the  film  stretched  across  it. 

(4>  Use  two  rings  like  Fig.  29,  dip  both  into  the  solution,  and 
then,  after  puttjng  them  flat  t<^ether,  draw  them  two  or  three  cm. 
apart,  observing  the  shape  of  the  film 
formed  by  this  operation.  Touch  the 
central  diaphragm  of  this  fjlni  with  the 
heated  end  of  a  wire. 

(B)  Take  a  cubical  frame  of  wire,  like 
Fig.  30.  Dip  the  whole  of  the  cube  into 
the  aoap  solution,  withdraw  it,  and  observe  the  be- 
havior of  the  filiii  upon  it. 

Touch  various  parta  of  this  film  with  the  hot  wire, 
(6)  Make  a  mixture  of  alcohol  and  water  of  such 
proportions  that  drops  of  olive-oil  will  fiiiat  sub- 
merged in  it,  and  note  the  shape  which  these  drops 
take  when  so  floating.  (It  is  convenient  to  make 
two  mixtures,  one  having  a  little  too  much  water, 
the  other  a  little  too  much  alcohol,  and  then  pour 
the  second  mixture  gently  upon  the  top  of  the  first  "''"  ""' 

mixture.     The  oil  will  then  float  near  the  junction  of  the  two.) 

55.  Surface  Action  on  Larger  Bodies  of  Liqiiid. — How- 
ever great  the  body  of  a  liquid  may  be,  we  must  think 
of  its  surface  as  tending  to  contract.  The  exposed  surface 
of  the  water  in  a  lai^e  vessel  is  in  a  condition  somewhat 
like  that  of  a  film  of  india-rubber  stretched  across  the 
vessel.  We  aee  no  evidence  of  this  fact  under  common 
conditions,  but  if  we  lessen  the  tension  at  any  one  spot, 
the  result  is  very  striking,  the  adjacent  parts  of  the  sur- 
face film  drawing  quickly  away  from  the  affected  spot. 
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EXPERIMENTS. 

(1)  Place  a  small  cork  stopper  upon  the  surface  of  water  in  a 
large  vessel,  and  then  with  a  small  tube  let  fall  upon  the  water  near 
the  cork  a  drop  or  two  of  alcohol. 

(2)  Drop  some  alcohol  upon  a  thin  layer  of  water  on  a  flat  platen 

56.  Oil  Films  on  Water. — ^The  experiment  just  de- 
scribed, with  the  cork  stopper  on  water,  may  be  repeated 
with  success  a  number  of  times  with  the  same  body  of 
water,  if  only  a  small  quantity  of  alcohol  is  used  each  time. 
If  a  drop  of  oil  be  used  instead  of  a  drop  of  alcohol  the 
effect  is  about  the  same,  the  first  time.  A  second  drop  of  Qil 
produces  little  or  no  effect. 

The  fact  is  that  the  alcohol  quickly  mixes  with  the 
main  body  of  the  water,  and  so  produces  very  Uttle  pei> 
manent  effect  upon  the  surface.  But  the  single  drop  of 
oil  covers  the  whole  exposed  surface  of  the  water  in  an 
instant  with  a  very  thin  layer,  and  the  second  drop  makes 
little  or  no  change  in  the  surface  condition.  The  film  of 
oil  upon  the  water  way  be  detected  by  the  iridescence, 
play  of  rainbow  colors,  which  it  shows.  The  visible 
formation  of  this  film  with  the  first  drop  is  very  interest- 
ing. 

57.  Use  of  Oil  in  Stilling  Waves. — ^A  few  years  ago 
people  who  thought  themselves  well  informed  used  to 
ridicule  the  notion  that  a  gallon  or  two  of  oil  poured  upon 
the  surface  of  a  stormy  sea  could  serve  as  an  efficient 
protection  to  ships  in  distress;  but  it  is  now  admitted 
that  under  certain  conditions  this  seeming  miracle  is 
wrought.  A  ship  driving  before  a  gale,  and  in  dang^ 
of  being  overwhelmed  by  the  pursuing  waves,  trails  out 
astern  canvas  bags  filled  with  oil,  which  gradually  finds  its 
way  into  the  water  and,  spreading  over  the  surface,  iriablf 
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abates  the  violence  of  the  ocean.  The  theory  is  that  the 
film  of  oil,  being  more  viscid  than  the  water  surface,  is 
less  easily  shaken  up  into  the  microscopic  ripples  which 
give  the  wind  a  hold  upon  the  surface.  PrddicaUy  there 
is  less  friction  of  wind  upon  an  oil  surface  than  upon  a 
water  surface. 

58.  "  Capillary  "  Action.— It  is  well  known  that  if  one 
end  of  a  small  open  tube  is  dipped  into  water  or  any  one 
of  many  other  liquids,  the  liquid  rises  in  the  narrow  bore 
of  the  tube  somewhat  above  the  general  level  of  its  sur- 
face outside  the  tube.    See  Fig.  31. 

If  the  tube  is  very  slender  indeed  the  bore  may  look 
like  a  hair,  and  this  fact  suggests  the  name  capillary  tube, 
which  is  commonly  used  for  any  very  narrow  tube.  Ac- 
cordingly, the  elevation  of  liquids  in  such  tubes  is  called 
capillary  action.  It  is  explained  as 
follows :  The  wall  of  the  tube  attracts 
strongly  the  adjacent  layer  of  water, 
and  so  tends  to  spread  this  layer  out  ^^....^^ 
over  a  larger  part  of  the  wall  surface, 
in  opposition  to  the  surface-tension  of 
the  liquid  itself,  which  resists  such  an  • 
extension.  In  most  cases  the  spread- 
ing tendency  of  the  wall's  attraction 
prevails,  and  the  liquid  close  to  the  wall  creeps  up  a  little, 
both  inside  and  outside  the  tube,  thus  taking  a  concave 
shape. 

Inside  the  tube  the  curvature  reaches  completely  across, 
and  the  top  of  the  Uquid  is  brought  into  the  shape  of  a 
shallow  cup.  If  we  now  think  of  this  surface  as  held  and 
supported  at  its  edge  by  the  glass,  and  remember  that  it 
is  all  the  time  tending  to  contract,  we  shall  see  that  it 
tends  to  lift  the  liquid  colunm  beneath  it,  either  directly 
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Fig.  32. 


by  cohesion  (§52),  or  indirectly  by  relieving  the  colunii 

from  some  portion  of  the  atmos^ 
pheric  pressure  upon  its  top.  Th€ 
indirect  action  is  the  ordinary  one 
but  the  direct  action  may  occuFj 
if  the  experiment  is  tried  in  a 
vacuum. 

When  mercury,  instead  of 
water,  is  used  in  a  glass  tube,  the 
attraction  of  the  glass  for  the 
mercury,  although  it  is  greater 
than  the  attraction  of  glass  for  water,  does  not  succeed 
in  squeezing  out  the  layer  of  mercury  so  as  to  make  it 
cover  more  of  the  glass  surface.  On  the  contrary,  the 
surface  tension  of  mercury,  which  is  very  great,  prevails, 
and  the  edges  are  drawn  down,  as  in  Fig.  32.  The  con- 
traction of  the  convex  surface  thus  formed  within  the 
tube  forces  the  liquid  column  down.  That  is,  mercury 
stands  lower  in  the  tube  than  in  the  vessel  outside  the 
tube. 

So-called  capillary  action  is  perceptible  in  tubes  of 
considerable  size,  as  we  have  seen  in  a  number  of  the  pre- 
ceding Exercises.  It  occurs  also  in  narrow  spaces  which 
are  not  tubes ;  in  the  meshes  of  a  lamp-wick,  for  instance, 
thus  raising  the  oil  to  the  flame. 

EXPERIMENT. 

1.  Dip  one  face  of  a  cube  of  sugar  into  water,  and  note  hoi» 
quickly  the  whole  lump  becomes  wet  through. 

2.  Place  two  rectangular  pieces  of  glass  vertical  in  water,  and  let 
them  meet  at  a  very  acute  angle  Note  the  shape  of  the  water  sitf^ 
face  near  the  angle. 


CHAPTER  V. 
EQUILIBRIUM  OF  FORCES:   THE  LEVER. 

59.  Force  and  Equilibrium:  Newton's  First  Law  of 
Motion. — ^The  word  forcCy  as  commonly  used  in  physics, 
means  a  picsh  or  a  pidl.  In  the  phrases  "forces  of  nature/' 
"natural  forces,"  etc.,  the  word  has  a  different  and  often 
a  more  vague  meaning. 

The  effect  of  a  single  force  applied  to  any  body  is  to 
set  the  body  in  motion,  or  to  change  in  some  way  the 
motion  that  the  body  already  has.  But  if  two  or  more 
forces  are  applied  to  the  body  at  once,  they  may  neutral- 
ize each  other  in  such  a  way  that  the  body  will  act  as  if 
no  force  were  applied  to  it,  provided  we  may  neglect  any 
change  of  shape  or  size  that  the  body  undergoes  under 
the  action  of  the  forces.  Forces  so  neutralizing  each 
other  are  said  to  be  in  equilibrium  with  each  other. 

For  a  very  long  time  it  was  supposed  that  a  body  imder 
the  influence  of  no  force,  or  of  a  set  of  forces  equivalent, 
taken  together,  to  no  force,  must  come  to  rest  and  re- 
main at  rest.  It  was  supposed  that  motion  could  be 
maintained  only  by  a  continual  application  of  force. 
It  was  supposed,  for  instance,  that  the  planets  must  be 
driven  or  carried  around  the  sun.    All  this  was  an  error. 

It  is  true  that  the  moving  bodies  with  which  we  are 

most  familiar  do  tend  to  come  to  rest.    The  error  lay  in 

supposing  that  no  force  is  acting  upon  them  while  they 
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are  coming  to  rest.    Experiment  shows  that  when  betted 
and  better  means  are  taken  for  lessening  friction,  resisfer- 
ance  of  air,  etc.,  moving  bodies  show  less  and  less  taid— 
ency  to  come  to  rest,  and  as  a  result  of  all  experience  audi 
reasoning  it  is  now  believed  that  no  body  ever  comes  to 
rest  except  because  of  some  obstruction,  some  application 
of  force  which  stops  it.     In  fact,  the  natural  behavior  of 
any  hody,  the  behavior  of  a  body  not  acted  upon  by  forces  au^ 
side  itself,  is  to  remain  at  rest  if  at  rest,  to  move  wOh  ytir 
changing  motion  if  in  motion.    This  is  the  substance  of. 
Newton's  First  Law  of  Motion. 

• 

The  subject  of  setting  bodies  in  motion  or  changing 
their  motion  will  be  taken  up  in  Chapter  XVI.  We 
shall  in  the  present  chapter  and  the  next  be  dealing 
with  cases  of  equilibrium;  that  is,  ca^es  in  which  bodies  an 
at  rest  or,  as  nearly  as  may  be,  in  uniform,  unchanging 
motion.  We  shall  in  studying  these  cases  have  in  view 
several  objects,  one  of  which  is  to  determine  what  relations, 
must  exist  in  a  set  of  forces  in  order  that  they  may  balanoe 
each  other  in  their  action  upon  the  body  to  which  they  an 
applied.  These  relations  are  called  the  conditions  nece^ 
sary  for  equilibrium,  or  simply  the  conditions  of  equilitriuHL 

60.  Illustrations  of  Equilibritun. — Floating  bodies  owe 
their  stability  to  the  joint  action  of  gravity  and  the  iqh 
ward  thrust  or  buoyancy  of  the  liquid.  A  picttu'e  hung 
against  the  wall  is  supported  in  position  by  the  simul- 
taneous action  of  gravity,  of  the  two  segments  of  the 
picture-cord  on  either  side  of  the  nail  or  hook  from  which 
it  is  suspended,  and  of  the  push  of  the  wall  against  the 
lower  part  of  the  picture-frame.  A  car  may  run  witil 
imiform  velocity  down  an  incline,  the  force  of  gravily 
which  tends  to  hasten  its  motion  being  o£fset  by  frietaon. 
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6i.  Description   and  Representation   of  Forces. — In 

order  to  describe  a  force  completely  or  to  calculate  what 
effect  will  be  produced  by  it,  we  must  know  the  amomdj 
the  direction^  and  the  position,  or  line  of  action,  of  the 
force. 

The  directions  of  forces  with  reference  to  each  other 
may  be  represented  by  lines,  and  the  lengths  of  the  lines 
may  represent  the  relative  magnitudes  of  the  forces. 
One  end  of  a  line  will  represent  the  point  of  application 
of  the  force,  and  an  arrow-head  upon  the  Hne  will  indi- 
cate whether  the  force  is  directed  towards  the  right  or 
towards  the  left  along  it. 

The  Lever. 

62.  Definition  and  Illustration. — Civilized  men  do  most 
of  their  work  with  tools  or  machines.  Many  tools  and 
many  parts  of  machines  consist  of  a  piece  of  iron  or  wood 
or  other  material  movable  to  a  certain  extent  upon  a 
support  called  a  pivot,  or  axis,  or  fulcrum,  by  means  of 
which  a  force  applied  in  one  direction  at  a  certain  spot 
may  produce  another  force  different  in  direction  or  in 
magnitude,  or  in  both,  at  another  spot.  Svx:h  a  tool  or 
part  of  a  machine  is  caUed  a  lever. 

One  of  the  most  familiar  examples  of  the  lever  is  a 
crowbar.  A  hammer,  as  used  to  draw  out  a  nail  from 
a  board,  is  another  example.  Each  half  of  a  pair  of 
scissors  is  a  lever.  We  shall  study  some  very  simple 
forms  of  the  lever  to  find  out  what  relations  hold  between 
the  forces  exerted  at  different  points. 
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EXERCISE  II  (8  in  old  Utt). 
THE  STRAIGHT  LEVER;    FIRST  CLASS. 

Apparatus:  The  lever  and  supporting  bar  (No  17)  fastened  to  tbe 
long  horizontal  bar  that  reaches  above  the  table  itoni  end  to  end. 
Two  scale-pans  (Nos  18a  and  18b)      A  set  of  weights  (So.  19). 

Hang  one  scale-pan  carrying  a  load  of  8  oz  on  the  right-hand  end 
of  the  lever  at  a  distance  of  14  cm.  from  the  middle,  as  in  Fig.  33. 
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Fig.  33. 

Hang  the  other  pan,  with  an  equal  load,  on  the  left-hand  end  of 
the  lever,  at  such  a  distance  from  the  middle  that  the  lever  will  hal- 
ance,  that  is,  stay  horizontal  when  once  placed  so,  even  when  tiie 
apparatus  is  jarred  somewhat  by  tapping  the  short  bar  to  which  the 
lever  is  attached.     Then  make  a  record  like  this: 


Left  wt. 
(l+8)  =  9oz. 


Left  dist. 
fr.  centre. 


Right  wt. 
(l+8)  =  9oz. 


Right  dist. 
fr.  eentre. 

14.0  cm. 


(The  space  here  left  blank,  in  the  record,  is  to  be  filled  by  the 
left-hand  distance  which  the  student  finds  necessary  to  make  the 
apparatus  balance.) 

Change  the  right-hand  weight  to  7  oz.,  keeping  its  place  unchanged, 
and  move  the  left-hand  weight,  still  9  oz.,  to  some  new  position 
which  will  make  the  whole  balance,  in  spite  of  jarring  as  before. 
Make  a  record,  as  before,  of  the  weights  and  distances,  putting  it  jiwt 
beneath  the  record  for  the  first  arrangement. 
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Change  the  right-hand  weight  to  ,')  oz.  without  ehanging  its  place, 
and  find  what  position  tlie  left-hand  weight,  still  remaining  9  oz., 
inu»t  have  in  order  that  the  lever  may  balance.  Record  thit  dia- 
tences  and  weights  for  thia  coae  under  the  records  already  made  for 
the  first  and  second  cases. 

One  more  case  may  be  taken,  in  which  the  right-hand  weight  be- 
comes 4  01.,  Btillat  14  cm.,  which  will  give  a  fourth  line  in  the  record 
table.  More  observations  with  different  arrangements  might  be 
made,  but  it  is  better  to  make  a  moderate  number  of  good  observa- 
tions than  a  large  number  of  hasty  or  careless  ones. 

By  studying  the  record  table  now  made  the  student  should  find  a 
rule  by  which,  when  the  two  weights  and  one  distance  are  given,  the 
other  distance  can  be  found  by  calculation :  or  when  the  two  distance 
md  one  weight  are'given,  the  other  weight  can  be  found  by  calcula- 

QUESJIOITS. 

(1)  If  a  moss  of  6  ok.  is  suspended  from  a  point  4  cm.  to  the  left  of 
the  centre  of  the  lever  in  Eicercise  11,  how  great  a  load  placed  at  a 
distance  of  10  cm.  to  the  right  of  the  centre  will  make  equilibrium? 

(2)  A  mass  of  S  oz.  is  suspended  from  a  point  5  cm.  from  the  centre 
of  the  lever  and  is  balanced  by  a  mass  of  10  oz.  How  tar  from  the 
centre  is  the  latter  placed? 

(3)  Two  masses,  4  oz.  and  12  oz.  respectively,  are  to  be  suspended 
Tom  a  lever.  Describe  three  possible  arrangements  of  the  masses, 
my  one  of  which  will  cause  them  to  balance. 

(4)  A  boy  pushing  down  at  one  end  of  a  lever  6  ft.  long  pries  up  a 
itone  weighing  100  lbs.  at  the  other  end.  The  fulcrum  is  2  ft.  from 
the  stone.  The  weight  of  the  lever  itself  is  neglected.  How  great  is 
the  force  exerted  by  the  boy? 

63.  More  than  Two  Weights. — In  the  preceding  Exer- 

366  the  ylasa  found  out  !iow  ^ 

to  make  the  two  weights  liuiig  E 
from  the  lever  balance^  each 
fOther.  Let  us  ask  now  what 
rlhe  rule  for  balancing  would 
I  be  if  there  were  more  than 
|-4wo  weights  in  use,  as  in  Fig. 
L  for  instance. 
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We  will  make  the  apparatus  balance  with  four  weights,  two  on 
each  side.  We  will  call  the  weight  nearest  the  centre,  on  the  left 
hand,  weight  No.  1,  which  we  will  write  TT,,  for  short.  The  other 
weight  on  the  left-hand  side  we  will  call  No.  3,  or  W^  The  two 
weights  on  the  right  hand  we  will  call  Wj  and  W^. 

When  the  whole  balances,  we  will  call 

The  distance  of  W^  from  the  middle,  Dj, 

2        "  "  "  A, 

s    "     "      *'      A, 

W,     **      "        "       D,. 
Now  if  we  go  back  for  a  moment  to  the  case  of  two  weights,  which 
the  class  has  studied,  and  if  we  call  these  P,  and  Pj,  and  their  dis- 
tances from  the  middle  d^  and  (^,  we  can  state  the  rule  for  balancing 

in  this  way: 

Pi  X  di  must  equal  Pj  X  d^. 

In  the  new  case,  where  we  have  four  weights,  we  may  guess  *  that 

the  rule  is 

and  then  test  the  truth  of  our  guess  by  trial. 
Try  other  like  cases. 

64.  Circular  Lever. — In  the  experiments  with  which 
we  have  just  been  engaged  the  weights  have  been  sus- 
pended from  the  top  of  the  lever  on  a  level  with  that  part 

of  the  pivot  upon  which  the 
lever  rests.  In  other  experi- 
ments which  are  to  follow  we 
shall  not  always  be  able  to  keep 
this  arrangement,  and  we  have 
now  to  find  out  what  would  be 
the  effect  of  hanging  one  or 
more  of  the  weights  from  points 
higher  or  lower  than  the  point 
of  support  of  the  lever.  For 
^^°*^*  this  purpose  we  shall  use, No. 

*  Shrewd  guessing,  followed  by  a  test,  should  be  encouraged  by  the 
teacher  as  a  means  of  extending  knowledge.  In  fact,  it  is  the  cofr- 
stant  resource  of  the  investigator. 
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XV,  the  piece  of  apparatus  shown  in  Fig.  35,  in  which 
the  straight  lever  thus  far  used  is  replaced  by  a  circle  of 
wood  about  8  inches  in  diameter,  supported  by  a  screw 
passing  horizontally  through  the  centre.  Such  a  circle, 
or  disk,  of  wood  comes  under  the  general  definition  of 
a  lever. 

EXPERIMENTS. 

We  will  hang  at  h  and  /  such  weights  as  will  balance  each  other, 
leaving  the  disk  in  equihbrium,  and  will  then  move  one  of  the 
weights  to  a  point  vertically  above  or  vertically  below  its  present 
place ;  that  is,  from  /  to  e  or  gr,  or  from  6  to  a  or  c.  Shall  we  still  have 
equilibrium?    Try. 

We  will  now  turn  the  disk  a  little,  so  that  the  lines  abc  and  efg 
will  be  no  longer  quite  vertical,  and  will  see  whether  now  a  weight 
at  c  or  at  gr  has  just  the  same  effect  as  if  at  /.     Try. 

A  careful  note  should  be  made  of  conclusions  for  future  use. 

65.  Centre  of  Gravity. — In  the  experiments  upon  the 
lever  thus  far,  the  lever  itself,  whether  a  bar  or  a  disk. 


6 

Fig.  36. 

has  balanced,  when  left  to  itself  without  load.    We  have, 
therefore,  not  had  to  consider  the  weight  of  the  lever 
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itself.  But  many  levers  are  used  in  such  a  way  that  their 
own  weight  helps  or  hinders  the  operation  to  be  per- 
formed with  them.  To  understand  such  cases  we  must 
learn  something  about  what  is  called  the  centre  of  gravity 
of  a  body. 

EXPERIMENT. 

Take  a  board,  cut  in  any  irregular  shape,  like  Fig.  36,  for  instance. 

Bore  several  small  holes  straight  through  the  board,  and  put  into 

each  hole  a  wire  nail  that  will  fit  close,  long  enough  to  project  about 

half  an  inch  on  each  side  of  the  board.  Tie  a  bullet  at  one  end  of 
a  thread  and  make  a  loop  in  the  other  end.  Put  this 
loop  over  one  hook  of  a  piece  of  wire  bent  into  the  shape 
shown  in  Fig.  37,  and  then  rest  the  nail  a,  Fig.  36,  in  the 
hooks  of  the  same  wire,  so  that  the  board  and  the  string 
carrying  the  bullet  will  both  hang  free,  the  string  near  the 

FigT?      ^^^  ^^  ^^®  board.*     Mark  with  a  pencU  the  course  of  the 
string  downward  across  the  board. 
Then  suspend  the  board  by  the  nail  b  and  mark  the  new  course  of 

the  string.     Proceed  in  this  way  with  all  the  nails  and  note  the  point 

where  the  various  pencil-marks  cross  each  other. 

Finally,  place  the  board  horizontal  and  balance  it  upon  the  flaJ 

head  of  a  lead-pencil,  noting  how  near  the  head  of  the  pencil  coihe£> 

to  the  crossing  of  the  lines  marked  on  the  board. 

Definition. — By  such  experiments  as  these  we  come 
to  see  that  there  is  within  the  board  a  certain  point  which 
always  hangs  just  beneath  the  support  when  the  board 
comes  to  rest  suspended  from  any  one  of  the  nails.  We 
see  that  the  same  point  has  to  be  just  above  the  support^ 
when  the  board  rests  upon  the  pencil-top.  In  short, 
the  board  acts  in  these  experiments  as  it  would  if  all  its 
weight  were  concentrated  at  this  particular  point.  This 
point  might  be  called  the  centre  of  weight  or  centre  of 
heaviness  of  the  board,  but  it  is  commonly  called  liie 
centre  of  gravity. 

*  The  whole  apparatus  as  shown  in  Fig.  36  will  be  called  No.  XVL 
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66.  Weight  of  the  Lever.— The  following  Exercise  is 
intended  to  make  the  pupil  more  familiar  with  the  idea 
of  centre  of  gravity,  and  to  show  how  it  may  be  taken 
account  of  in  the  use  of  the  lever. 

EXERCISE  Z3  (9  in  old  list). 
CENTRE  OF  GRAVITY  AND  WEIGHT  OF  A  LEVER. 

Apparatus:  The  lever  of  No.  17,  detached  from  its  supporting 
bar,  and  a  small  block  (No.  21),  the  two  being  fastened  together,  as 
in  Fig.  38,  so  as  to  make  one  body,  the  whole  of  which  will  be  called 


J"^ 


TL 


Fio.  38. 

_  * 

the  lever  in  this  Exercise.     A  slender  wooden  cylinder  (No.  13).     A 
1-oz.  scale-pan  (18  a  or  18  b).     A  1-oz.  wt.  from  No.  19. 

To  find  the  centre  of  gravity  of  the  lever,  balance  it  as  nearly  as 
you  can,  bar  and  block  fastened  together,  in  a  horizontal  position  on 
the  cylinder  laid  on  the  table  (see  Fig.  38),  the  cylinder  being  kept 
at  light  angles  with  the  lever.  Find  in  this  way  at  what  particular 
mark  of  the  bar  the  centre  of  gravity  is,  and  record  this  mark — for 
example,  9.1  cm. 

Then  suspend  the  1-oz.  scale-pan  canying  a  1-oz.  wt.,  2  oz.  in  all, 
from  any  convenient  point  near  the  free  end  of  the  bar,  and  letting 
this  end  project  beyond  the  edge  of  the  table-top,  balance  the  whole, 
as  now  arranged,  as  nearly  as  you  can,  on  the  cylinder  laid  on  the 
table  as  before  (see  Fig.  39). 

Now  record  the  mark  from 
which  the  scale-pan  hangs,  33.4  [ 
cm.,  we  may  suppose,  and  the 
mark  which  is  just  over  the  mid- 
dle of  the  cylinder  when  the  whole 
balances,  21.6  cm.,  let  us  say. 


Tj 


This  case  is  like  that  of  the  lever     v?2> 
studied  in  Exercise  11.  The  cylin-  Fio-  39. 

der  now  taking  the  place  of  the  screw  as  a  support,  we  see  that 
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the  left-hand  weight  is  2  oz., 

"     "       "     distance  is  33.4-21.6=11.8  cm., 

"   right-hand  weight  is  the  weight  of  the  lever, 

"      "        *'     distance  is  21.6-9.1  =  12.5  cm., 

that  is,  the  distance  from  the  support  in  Fig.  39  to  the  centre  of 

graAdty  of  the  bar  and  block. 

We  do  not  as  yet  know  the  weight  of  the  lever,  but  We  will  call 

it  Wj,  and  see  whether  we  can  find  its  amount  by  calculalion.     If 

we  apply  the  same  rule  that  was  found  to  hold  true  in  Exercise  llf 

we  shall  have 

2x11.8=1^2X12.5, 

which  gives  for  the  weight  of  the  bar  and  block 

W2=    ..^    '   =1.89  oz.,  nearly. 

The  value  of  W2  obtained  in  this  way  by  the  pupil  should  be  com- 
pared with  the  weight  of  the  bar  and  block  as  found  by  the  teacher 
with  some  balance,  e.g.,  No.  XVII,  much  more  sensitive  than  the 
spring-balance  used  by  the  class;  for  if  the  method  of  this  Exercifle 
is  carefully  followed  it  will  give  the  weight  of  the  lever  more  accih 
rately  than  the  spring-balance  is  likely  to  do. 

QUESTIONS. 

(1)  An  oar,  the  centre  of  gravity  of  which  is  3  ft.  from  the  end  of 
the  handle,  weighs  4  lbs.  It  rests  in  the  rowlock  at  a  point  2  ft 
from  the  end  of  the  handle.  How  great  a  force  applied  at  the  end 
of  the  handle  will  keep  it  balanced? 

(2)  A  boy  weighing  100  lbs.  is  seesawing  alone  on  a  plank  20  ft. 
long  weighing  50  lbs.  The  boy's  centre  of  gravity  is  1  ft.  from  one 
end  of  the  plank.  How  far  from  the  same  end  of  the  plank  is  the 
fulcrum?     (The  centre  of  gravity  of  the  plank  is  at  its  middle.) 

(3)  If  the  plank  mentioned  in  the  preceding  problem  is  to  balance 
on  a  fulcrum  8  ft.  from  one  end,  with  a  100-lb.  boy  1  ft.  from  thifl 
end  and  another  boy  1  ft.  from  the  other  end,  how  much  must  the 
second  boy  weigh?     (See  Art  63.)  Ans.  54y\-lbs. 

67.  Remarks. — ^We  have  now  found  out  how  to  take 
account  of  the  weight  of  the  lever  itself,  when  we  need  to 
do  so.  We  know  that  all  its  weight  may  be  regarded  as 
concentrated  at  a  certain  point,  which  we  call  the  centre 
of  gravity,  and  we  have  tried  one  case  in  which  the  wei^t 
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of  the  lever  itself,  acting  at  the  centre  of  gravity,  balanced 
a  certain  weight  suspended  from  the  bar.  In  common 
levers,  like  the  crowbar,  the  weight  of  the  bar  itself  is 
sometimes  very  important,  when  the  fulcrum  is  a  long 
distance  from  the  centre  of  gravity  of  the  bar. 

Centre  of  gravity  will  be  taken  up  again,  and  the  differ- 
ent kinds  of  equilibrium,  stable,  unstable,  and  neutral,  will 
be  considered,  in  Chapter  VI. 

We  will  now  return  for  the  present  to  cases  of  the  lever 
where  the  centre  of  gravity  lies,  as  in  Exercise  11,  just 
under  the  point  of  support  of  the  bar.  In  such  cases  the 
weight  of  the  lever  itself  does  not  tend  to  make  the  bar 
tip  in  either  direction  from  its  horizontal  position. 

68.  Classes  of  Levers. — In  the  levers  which  we  have 

ft 

studied  thus  far  the  support,  or  fulcrum  as  it  is  often  called, 
Ues  between  the  lines  of  suspension  of  two  weights.  This 
kind  of  lever,  whether  it  is  a  simple  bar  or  a  disk  (Fig.  40) 
or  an  object  of  irregular  shape,  whether  its  centre  of 
gravity  lies  at  the  point  of  support  or  not,  is  called  a  lever 
of  the  first  doss. 


Fig.  40. 


Fig.  41. 


Fig.  42. 


But  we  may  have  a  case,  Uke  that  shown  in  Fig.  41, 
in  which  the  line  of  action  of  the  weight,  TF,  hes  between 
the  fulcrum  and  the  line  of  action  of  the  "power/'  P. 
This  arrangement  gives  us  what  is  called  a  lever  of  the 
second  doss. 
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There  is  still  a  different  case,  shown  in  Fig.  42,  where 
the  line  of  action  of  the  power  lies  between  the  fulcrum 
and  the  line  of  action  of  the  weight.  This  is  called  a  lever 
of  the  third  doss. 

69.  Power-arm,  Weight-arm,  Moment  of  Power,  etc— 

We  have  seen  in  the  experiments  of  §  64  that  it  makes 
no  difference  whether  W  is  suspended  from  the  point 
which  now  carries  it  (Figs  41-43)  or  from  some  point 
higher  or  lower  in  the  same  vertical  line,  which  is  called 
the  line  of  action  of  W.  A  hke  statement  can  be  made 
for  P,  We  shall  call  the  shortest  distance  from  P's  lira 
of  action  to  the  fulcrum  the  power-arm,  and  the  shortesl 
distance  from  TT's  line  of  action  to  the  fulcrum  the  loeigU 
arm,  • 

When  P  is  applied,  as  in  Fig.  40,  in  such  a  way  as  tc 
tend  to  turn  a  body  clockwise  *  around  F,  the  product 
PX  power-arm  is  called  the  moment  of  P  with  respect  to  F. 

When  P  is  appUed,  as  in  Figs.  41  and  42,  in  such  a  waj 
as  to  tend  to  turn  a  body  counter-clockwise  aroimd  P,  the 
quantity  —{PX  power-arm)  is  called  the  moment  of  P 
with  respect  to  F. 

Corresponding  statements  can  be  made  with  respect  to 
W.  The  moment  of  W  with  respect  to  F  is  numerically 
equal  to  the  product  WX  weight-arm.  It  has  the  plus  t 
sign  when  it  tends  to  produce  rotation  clockwise,  and 
the  minus  t  sign  when  it  tends  to  produce  rotation  counte^ 
clockwise,  aroimd  F. 

Exercise  11  and  the  experiments  of  §  64  have  shown 
that,  for  a  lever  of  the  first  class,  the  law,  or  condition)  of 
equilibrium  (§  59)  is 

powerX  power-arm = weight  X  weight-arm. 

*  That  is,  in  the  direction  of  motion  of  clock-hands, 
j*  Many  writers  use  these  signs  in  the  opposite  way. 
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Moreover,  it  is  plain  that  in  all  the  cases  of  equilibrium 
thus  far  tried  one  force  tended  to  turn  the  lever  clock- 
wise, while  the  other  tended  to  tiun  it  counter-clockwise, 
around  the  fulcrum.  Accordingly,  the  law  given  above 
is  equivalent  to 

moment  of  power=  —moment  of  weight, 
or 

mom>ent  of  power +mxnnent  of  weight=0. 

The  pupil  is  to  find  out  by  means  of  the  following  Exer- 
cise whether  the  laws  of  the  second  and  third  classes  of 
levers  are  as  simple  as  the  law  of  the  first  class. 

EXERCISE  13  (lo  in  old  list). 
LEVERS  OF  THE  SECOND  AND  THIRD  CLASSES. 

Apparatus:  The  lever  (No.  17)  supported  as  in  Exercise  11.  A 
scale-pan  (No.  18).  A  set  of  weights  (No.  19).  A  spring-balance 
(No.  7). 

Suspend  the  pan  with  a  load  of  8  oz.  at  a  point  5  cm.  from  the 
middle  of  the  lever,  and,  on  the  same  arm  of  the  lever,  at  a  distance 
of  10  cm.  from  the  middle,  pull  upward  with  a  spring-balance,  con- 
nected with  the  lever  by  means  of  a  loop  of  thread,  until  the  weight 
is  balanced  and  the  lever  becomes  horizontal.  You  have  here  a 
lever  of  the  second  class.  Read  the  spring-balance  and  record  as 
follows : 

Lever  of  Second  Class. 

Weight.        Weight-arm.  Power.        Power-arm. 

9  oz.  5  cm.  ....  10  cm. 

Try  other  similar  cases,  and  study  them  all  imtil  you  are  able  to 
write  down  the  law  for  this  class  of  levers. 

Then  with  the  same  apparatus  place  the  spring-balance  between 
the  fulcrum  and  the  line  of  the  weight.  You  will  now  have  a  lever 
of  the  third  class.     Try  various  cases  and  record  as  before. 

Lever  of  Third  Class. 

Weight.    Weight-arm.  Power.        Power-arm. 


•  • .  • 


Law. 
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QUESTIONS. 

(1)  A  lever  supported  at  its  centre  of  gravity  is  used  to  lift  a 
weight  of  100  lbs.  applied  at  a  distance  of  1  ft.  from  the  fulcrum. 
The  power  is  applied  5  ft.  from  the  fulcrum  and  on  the  opposite  side 
from  the  weight.  How  great  must  the  power  be?  Must  the  powv 
be  applied  upward  or  downward? 

(2)  If  the  power  were  placed  on  the  same  side  of  the  fulcrum  as 
the  weight,  everj'thing  else  being  as  described  in  the  preceding 
problem,  how  great  would  the  power  have  to  be?  Would  it  be 
applied  upward  or  downward? 

(3)  If  the  power  were  50  lbs.  appUed  at  a  point  2  ft.  toward  the 
right  from  the  fulcrum,  and  if  the  weight  were  applied  8  ft.  toward 
the  right  from  the  fulcrum,  how  great  could  the  weight  be? 

(4)  If  a  weight  of  5  lbs.  were  placed  4  ft.  toward  the  right  from  the 
fulcrum,  and  a  weight  of  7  lbs.  6  f  c.  toward  the  right  from  the  ful- 
crum, how  far  from  the  fulcrum  toward  the  left  must  a  force  of  10 
lbs.  be  applied  in  order  to  make  the  whole  balance?     Ana.  6.2  ft 

In  the  four  preceding  problems  the  weight  of  the  lever  has  not  been 
considered,  because  the  centre  of  gravity  has  been  supposed  to  be  at 
the  point  of  support  Suppose  now  that  the  lever  weighs  4  lbs.  and 
that  its  centre  of  gravity  is  3  ft.  to  the  right  from  the  fulcrum,  and 
with  this  new  condition  go  over  each  of  the  four  problems  again. 

70.  Force  at  the  Fulcrum. — If  we  take  a  case  like  that 

shown  in  Fig.  43,  it  is  plain 
that  4  oz.  applied  7  cm.  from 
the  centre  will  balance  2  oz. 
applied  14  cm.  from  the  cen- 
tre, but  it  may  not  be  pea^ 
0/^\  fectly  plain  how  great  the  pull 
V-x  on  the  fulcrum  itself  is.  We 
will,  therefore,  in  the. next 
Exercise  try  the  experimait 
in  one  or  twG  simple  cases  and  see  what  the  result  will  be. 
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EXERCISE  14  (II  in  old  list). 
FORCE  EXERTED  AT  THE  FULCRUM  OF  A  LEVER. 

Apparatus:  The  lever  of  No.  17  freed  from  its  support.  Two 
scale-pans  (Nos.  18  a  and  18  b).  Two  1-oz.  wts.  and  one  2-oz.  wt. 
from  No.  19.  The  spring-balance  (No.  7).  A  piece  of  copper  wire 
about  1  mm.  in  diameter  bent  into  the  form  of  a  hook  (h  in  Fig.  44). 
A  piece  of  thread  about  15  col  long. 

Suspend  the  bar  from  the  balance  in  the  manner  indicated  by  Fig. 
44.  Note  and  record  the  weight 
of  the  bar  alone.  Then  suspend 
one  scale-pan  with  a  1-oz.  weight 
from  one  arm  of  the  bar,  and  the 
other  scale-pan  with  a  2-oz.  weight 
from  the  other  arm  in  such  a  way 
as  to  balance,  taking  care  not  to  let 

the  pans  and  weights  spill.     Note  . _ 

and  record  the  reading  of  the  bal- 

ance.     Then  make  the  loads  (pan  ^iq  44 

and  weight)  2  oz.  on  one  side  and  4 

oz.  on  the  other,  and  read  and  record.     Try  any  other  experiments 

that  you  c^  with  the  weights  furnished,  until  you  feel  reasonably 

sure  that  you  know  the  jelation  between  the  weights  applied  and 

the  pull  on  the  balance.     Then  state  what  this  relation  is. 

71.  Laws  of  Parallel  Forces. — In  each  of  the  cases  in 
Exercise  14  we  have  applied  two  downward  forces  to  the 
bar  in  suspending  the  two  scale-pans  with  their  loads, 
and  have  found  these  two  forces  to  be  balanced  by  another 
force  exerted  upward  by  the  spring-balance.  In  the 
light  of  this  Exercise  we  may  now  reconsider  Exercises 
11  and  13  and  take  account  of  the  force  exerted  therein 
by  the  fulcrum,  which  force  was  for  the  time  purposely 
neglected. 

We  see  that  in  each  of  these  Exercises,  whatever  class 
of  lever  we  are  using,  we  have  always,  for  equilibrium, 
three  parallel  forces,  which  we  will  now  call  A,  B,  and  C, 
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and  that  the  following  statements  are  true  of  these  forcjes:  * 

1st.  One  of  the  forces,  which  we  wiU 
call  C,  is  opposite  in  direction  to  the  other 
two. 

2d.  The  force  C  is  equal  to  the  sum  of 
A  and  B. 
3d.  The  line  of  action  of  C  lies  between 
JBvl  the  lines  of  action  of  A  and  B  {Fig.  iS) 
^o-  ^s.  and  in  such  a  position  that 

Ax  (shortest  distance  from  line  of  A  to  line  of  C) 
=  BX(shortest  distance  from  line  of  B  to  line  of  C). 
In  a  lever  of  the  first  class  C  is  the  force  exerted  by  the 
fulcmm.     In  one  of  the  second  class  it  is  the  weight;  and 
in  one  of  the  third  class  it  is  the  power. 

It  is  evident  that  the  distinction  between  the  three 
classes  of  levers,  though  commonly  made,  is  not  veiy 
important.  The  three  numbered  statements  just  ^ven 
may  be  called  the  laws  of  the  lever  for  three  parallel  forces 
or  merely  the  laws,  or  conditions,  of  equihbriimi  of  three 
parallel  forces  apphed  to  on9 
body. 


10 
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72.  A  Broader  Statement. 

— ^We  shall  now  undertake, 
using  the  idea  of  moments 
(§69),  to  find  a  broader 
statement  of  these  laws  and  p 
one  which  can  be  readily 
used  in  cases  of  more  than 
three  parallel  forces. 

Let  us  take   the  case  of 
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*  We  here  neglect,  for  simplicity,  the  weight  of  the  lever.  That 
is,  we  take  for  A,  B,  and  C  what  these  forces  would  be,  if  the  lever 
were  weightless. 
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With  respect  to  Q, 

-(8X3)= -24 

12X0  =       0  }•  =0. 
+  (4X6)  =  +  24 

With  respect  to  R, 

-(  8X9)= -72 
+  (12X6)  =  +  72)-=0. 
4X0  =       0 

But  we  need  not  confine  the  axis  to  positions  indicated 
by  P,  Q,  or  R.  Let  us  imagine  an  axis  perpendicular  to 
the  plane  of  the  forces  to  pass  through  this  plane  at  a 
point  lying  in  the  extension  of  PR,  at  a  point  /S  at  a  distance 
I  to  the  right  from  R,  The  moments  with  respect  to  this 
axis  are 

-[8X(9+0]=-72-  «) 

+  [12X(6+Z)]=  +  72+12Z  \  =0. 

-  (4XZ)         =         -  4Z ) 

Now  as  I  can  have  any  magnitude,  and  can  be  either  nega- 
tive or  positive,  without  destrojdng  this  equation,  it  is 
shown  that  with  the  given  system  of  forces  the  algebraic 
sum  of  the  moments  is  zero  for  all  axes,  perpendicular 
to  the  plane  of  thQ  forces,  that  pierce  the  line  PR  or  its 
extension. 

But  imagine  an  axis  to  pass  in  the  same  direction  throu^ 
a  point  T  at  a  distance  m  from  S,  on  a  line  drawn  from  S 
parallel  to  the  forces.  The  moments  with  respect  to  this 
axis  are,  as  a  httle  consideration  of  the  definition  of.  mo- 
ments will  show,  precisely  the  same  as  the  moments  with 
respect  to  the  axis  through  S,  Now  as  m,  like  I,  may 
have  any  magnitude  and  be  either  positive  or  negativei 
we  see  that  the  algebraic  sum  of  the  momenta  of  the  given 
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set  of  forces  is  zero  with  respect  to  any  axis  whatever  per- 
pendicular to  the  plane  of  the  forces. 

If  we  were  to  try  other  sets  of 
three  or  more  (see  §  63)  parallel 
forces  in  equilibrium  we  should  find 
the  same  statement  to  be  true  of  all. 
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Let  us  now  consider  the  set  of 
forces  shown  in  Fig.  48,  which  we 
know  is  not  a  case  of  equilibrium. 

The  moments  with  respect  to  Q  are 


Q 


6 


1 

4t 
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Fig.  48. 


-(8X3)  =  -24) 

16X0  =       0  V  =0. 
+  (4X6)  =  +  24) 

But  the  moments  with  respect  to  P  are 

8X0  =       0 
-(16X3)  =  -48^  =  -12, 
+  (  4X9)  =  +  36 


and  with  respect  to  R, 


-(  8X9) 
+  (16X6) 


-72) 
+  96) 


=  +  24. 


If  we  should  try  other  cases  of  non-equilibriuni,  we 
should  find  a  like  result  always.  The  sum  of  the  moments 
in  cases  of  nonrequilihrium  may  be  zero  with  respect  to 
some  axeSf  hut  cannot  he  so  with  respect  to  all  axes  perpen- 
dicvlar  to  the  plane  of  the  forces. 

The  following  statement  holds  for  cases  of  any  number 
of  parallel  forces,  however  great  that  number  may  be : 

In  order  that  any  number  of  parallel  forces  shall  he  in 
equilibrium  J  as  a  whole ^  it  is  only  necessary  that — 
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1.  The  algebraic  sum  of  the  forces,  those  in  one  directum 
being  called  positive  and  those  in  the  opposite  direction  hei/ng 
called  negative,  shall  he  zero; 

2.  The  algebraic  sum  of  the  moments  of  the  forces,  taken 
with  respect  to  some  axis  perpendicular  to  the  plane  of  the 
forces  shall  be  uro. 

Condition  2  here  stated  provides  that  the  given  set  of 
forces  shall  have  no  tendency  to  turn  the  body  to  which 
they  are  applied  around  a  certain  pivot,  and  condition  1 
provides  that  they  shall  have  no  tendency  to  slide  the 
body  across  the  pivot.  Accordingly,  we  can  abolish  the 
pivot,  leaving  the  body  free,  and  it  will  still  be  in  equi- 
librium. Evidently,  too,  we  could  now  put  in  a  pivot 
anywhere  else  without  destrojdng  the  equilibrium. 

PROBLEM  AND  EXPERIMENT. 

Weigh  a  meter-rod  in  grams.  Place  the  rod  in  a  horizontal  posi- 
tion and  suspend  from  it  weights  of  100,  200,  and  500  gm.,  respec- 
tively, at  distances  of  40,  60,  and  80  cm.,  respectively,  from  one 
end.  How  far  from  the  end  mentioned  must  a  supporting  edge  be 
placed  in  order  that  the  whole  may  balance  upon  it? 

{Suggestion:  Reckon  all  the  moments  with  respect  to  the  endnafl^* 
tioned.) 

Test  the  correctness  of  the  conclusion  by  experiment. 

73.  Equilibrant,  Resultant,  etc. — ^A  single  force  that 
will  just  balance,  or  make  equilibrium  with,  two  or  more 
others  is  called  their  equilibrant. 

In  Fig.  47  the  12  is  the  equihbrant  of  the  8  and  the  4; 
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A  single  force  that  can  exactly  replace  two  or  more 
others,  so  as  to  produce  the  same  effect  upon  the  body 
acted  on  (if  the  body  is  rigid  so  that  it  does  not  bend), 
is  called  their  resultant. 
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In  Fig.  47  the  forces  8  and  4  could  be  exactly  replaced 
by  a  force  12  acting  downward  from  the  point  Q,  and 
therefore  this  force  is  their  resultant,  etc. 

The  resultant  and  equiUbrant  in  any  given  case  are 
equal  in  magnitude,  but  opposite  in  direction,  so  that  the 
two  would  exactly  balance  each  other.  Often  the  easiest 
way  to  find  the  resultant  is  to  find  first  the  equilibrant. 

Two  or  more  forces  which  together  can  exactly  replace 
a  single  force  are  called  the  components  of  that  force. 

In  Fig.  47  a  force  8  upward  from  P  and  a  force  4  up- 
ward from  R  might  be  the  components  of  the  12. 

PROBLEM  AND  EXPERIMENT. 

The  ''checker-board"  (No.  74)  being  placed  with  the  cross-bar 
east  and  west,  forces  are  applied  as  follows: 

5  cm.  from  the  west  end  7  kgm.  north, 
10    "      "      "      ''      "    4     "     south, 
15    "       "      '*      "       "    6     *'     north, 
20    "       *'      "      ''      "    3    •''     south. 
Calculate  the  magnitude,  direction,  and  point  of  application  of  the 
equilibrant  of  this  set  of  forces,  and  test  the  correctness  of  the  con- 
clusion by  experiment  with  the  apparatus. 

74.  PuUeys. — ^We  have  already  learned  to  consider  a 
disk  pivoted  at  the  centre  as  a  kind  of  lever.  When  such 
a  lever  is  worked  by  means  of  a  cord  or  band  lying  upon 
its  circumference,  it  is  called  a  pulley.  We  shall  now  see 
that  the  pulley  form  of  lever  has  some  great  advantages. 

EXPERIMENTS. 

(1)  Take  the  pulley  shown  in  Fig.  49  (No.  XV),  and  let  us  first 
use  the  larger  circle  only. 

If  we  fasten  two  equal  weights,  TFi  and  TTj,  to  the  ends  of  » 
string  and  pass  the  string  across  the  top  of  the  pulley,  we  shall  of 
course  find  that  they  balance  each  other. 
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But  suppose  we  used  two  strings,  one  for  Wi  and  the  other  for 
W2J  fastening  each  string  to  a  pin  or  tack  at  point  A,  but  letting 
each  string  rest  in  the  groove  of  the  pulley,  so  that  the  final  position 
of  the  two  strings  will  be  represented  by  Fig.  49.     Will  two  equal 


Fig.  49. 


Fig.  60. 


weights  balance  each  other  under  these  conditions?  The  question 
is  quickly  answered  by  trial,  and  by  turning  the  pulley  a  little  one 
way  or  the  other  we  can  try  the  experiment  with  A  in  a  variety  of 
positions. 

(2)  Next  try  the  effect  of  a  horizontal  pull,  P,  applied  by  a  spring 
balance  at  the  top  of  the  pulley  to  balance  a  weight  TT,  as  in  Fig. 
50.  (Remember  that  in  this  position  the  reading  of  the  ordinary 
8-oz.  balance  is  about  i  oz.  less  than  the  real  force  exerted  by  it,  be- 
cause the  spring  of  the  balance  does  not  now  support  the  weight  of 
the  hook  and  bar,  which  is  about  i  oz.).  Find  by  experiment 
whether  the  force  P  must  be  greater  or  less  than,  or  equal  to,  the 
direct  pull  of  the  weight  W, 

(3)  Balance  a  weight  on  one  circle  of  the  pulley  by  a  weight  on 
another  circle,  and  find  the  simple  relation  which  holds  between  the 
balancing  weights  and  the  radii  of  the  circles. 

75.  Advantages  of  a  Pulley. — ^We  see  that  the  advan- 
tage of  a  pulley,  as  compared  with  a  simple  bar-lever, 
is  that  the  pulley  enables  us  to  vary  the  direction  of  our 
power  at  will  and  to  lift  a  weight  a  much  greater  distance 
than  we  could  with  a  bar-lever  no  longer  than  the  diameter 
of  the  pulley.  In  fact,  the  distance  through  which  we 
can  lift  the  weight  by  means  of  the  pulley  depends 
merely  upon  the  length  of  the  string  that  supports  the 
weiffht. 
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76.  Windlass,  Capstan,  etc. — ^The  vrindlass  (see  Fig. 
51)  is  a  familiar  apparatus  con- 
sisting of  an  elongated  pulley, 

d,  called  the  drum  or  cylinder,        ^ \\\\\\\\\\\  \ 

turned  by  a  power  applied  at  o=?|W JwMLn^ 

the    handle,    h,    and    acting 
through  the^i^er,  or  crank,  c. 

The  crank  and  handle  are 
sometimes    called     a    winch. 
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The  same  name  is  sometimes  applied  to  the  whole  wind- 
lass. 

If  the  power  is  applied  at  right  angles  with  both  h  and  c, 
and  if  the  cord  sustgjning  Ihe  weight  is  small,  we  have, 
very  nearly, 


PXlength  of  c=WXradius  of  d, 

A  capstan  is  the  same  in  principle  as  a  windlass,  but  has 
a  vertical  drum  so  that  the  lever  travels  in  a  horizontal 
circle. 

On  shipboard  capstans  are  frequently  worked  by  means 
of  a  number  of  men  walking  about  the  drum  and  pushing 
against  the  levers,  or  capstan-bars,  of  which  there  may  be 
several  apphed  to  one  cyhnder. 

77.  Movable  Ptilleys. — In  the  pulleys  thus  far  studied 
by  us  the  pivot  has  been  fixed  in  position;  but  pulleys 
with  movable  pivots  are  frequently  used. 
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EXPERIMENTS. 

(1)  Take  the  small  metal  pulley  (No.  XVIII)  and  arrange  it  ac- 
cording to  the  indications  of  Fig.  52,  P  being  the  pulley,  M  a  weight 
suspended  from  an  axis  through  the  centre  of  the  pulley,  B  a  spring- 
balance,  and  h  a  hook  to  which  one  end  of  the  string 
passing  beneath  the  pulley  is  attached. 

To  what  class  of  levers  does  the  pulley  in  this  poei- 
tion  belong?  What,  then,  should  be  the  relation 
between  the  weight,  which  is  M  plus  the  weight  of 
the  puUey  itself,  and  the  pull  exerted  by  the  spring- 
balance?  Find  by  experiment  whether  the  conclu- 
sion reached  is  correct.* 

(2)  Let  us  now  try   an  arrangement,  like  that 
shown  in  Fig.  53,  in  which  we  have  one  pulley,  A 
hooked  to  a  bar  overhead,  and  a  double  pulley 
(No.  XIX),  B,  which  moves  up  and 
down  with  the  load  M, 

Let  us  consider  what  should  be 
the  relation  between  the  pull  P  and 
the  weight  TF,  which  is  M  phis  the 
weight  of  B,  in  this  case. 

In  the  case  tried  in  Experiment 
(1)  we  had  two  strings  holding  up 
the  pulley  P.  We  have  now  four 
strings  holding  up  the  pulley  B, 
After  thinking  upon  the  matter  for 
a  little  time,  trying  to  study  out 
what  is  the  relation  between  P  and 
W  with  this  arrangement,  let  us  try 
the  experiment  as  we  have  already 
tried  it  in  the  simpler  case,  noting 
the  force  shown  by  the  spring-balance  when  M  is  moving  steadily 

*  In  making  this  trial  one  must  remember  that  friction  is  oftet 
large  in  pulleys,  even  when  they  are  well  oiled,  as  this  one  should 
be.  Now  when  the  load  is  being  steadily  raised  the  hand  carrying 
the  spring-balance  must  lift  harder  than  it  would  if  there  were  nc 
fric^n,  but  when  the  load  is  being  steadily  lowered,  the  hand,  pidl- 
ing  just  hard  enough  to  prevent  the  load  from  hurrying ,  is  assisted 
by  the  friction.  The  mean  between  the  reading  of  the  balance  going 
up  and  the  reading  of  the  balance  coming  down  will  show,  verj 
nearly,  what  the  pull  required  to  sustain  the  load  would  be  it  there 
were  no  friction. 
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up,  and  again  when  it  is  moving  steadily  down,  and  taking  the  mean 
between  these  two  forces  as  the  one  that  would  be  required  to  bal- 
ance the  weight,  W,  if  there  were  no  friction. 

78.  Another  Rule  for  Relation  of  Power  to  Weight. — 
The  law  given  in  §  69,  for  the  relation  between  power  and 
weight  is  extremely  useful,  and,  properly  applied,  is  suffi- 
cient for  very  complicated  cases  of  the  lever  and  pulley; 
but  in  some  cases  it  is  more  convenient  to  make  use  of  a 
different  form  or  statement  of  this  law,  a  form  which 
makes  use  of  the  relative  distances  moved  over  by  the  power 
and  the  weight  in  any  operation  of  the  lever,  or  pulley, 
or  combination  of  these,  that  may  be  in  action. 

If  we  study  the  various  cases  of  lever,  pulley,  and  com- 
bination of  pulleys  that  have  been  described  in  the  pre- 
ceding pages,  we  shall  see  that  whenever  the  weight  is 
greater  than  the  power  the  weight  moves  a  less  distance 
than  the  power  does  in  any  given  operation  of  the  apparatus; 
but  whenever  the  weight  is  less  than  the  power,  friction 
being  supposed  zero,  the  weight  moves  a  greater  distance 
than  the  power  does  in  the  operation  of  the  apparatus. 

If  we  study  the  matter  more  closely,  we  shall  find  the 
following  rule,  or  law,  suggested,  though  we  cannot  say  that 
it  is  proved  by  our  preceding  experiments: 

where  P  stands  for  the  power  applied ; 
W      "      "      "  weight  lifted; 
Dp     "      "      "  distance  the  power  moves; 
Z>«,     "      "      "        "         "  weight  moves. 

APPLICATIONS  OF  THIS  LAW. 

(1)  It  is  evident  that  this  law  can  be  readily  applied  to  a  case  like 
that  of  Fig.  53.  We  can  see  at  once  that,  if  the  pulley  B  were 
lifted  one  inch  while  P  remained  stationary,  there  would  be  four 
inches  of  loose  string  under  B.     To  make  the  string  taut  again,  P 
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would  have  to  rise  four  inches.     In  actual  use  P  and  B  rise  at  the 
same  time,  P  moving  four  times  as  fast  as  B. 

(2)  In  Fig.  54,  representing  the  rear  wheel  and  gear  of  a  bicycle,  let 
the  diameter  of  the  tire  be  28  in. ; 

small  sprocket-wheel  be  2)  in.; 
large  sprocket-wheel  be  5  in.;; 
"  length  of  pedal  radius  be  6  in. 
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Fig.  54. 

If  the  weight  of  the  rider,  150  lbs.,  rests  entirely  upon  the  pedal 
shown,  in  its  present  position,  how  great  a  weight  acting  in  opposi- 
tion, as  in  the  figure,  will  just  neutralize  the  driving-power? 

The  circumference  of  the  circle  described  by  the  pedal  is  (see  Ex. 
B)  2;rX6  inches,  or  12;r  inches. 

One  revolution  of  the  pedal-crank  makes  the  tire  revolve  2  timeSi 
which  drives  the  bicycle  forward 

2X  2;rX  14  inches = 56?:  inches. 

The  weight  W  will  be  lifted  as  fast  as  the  bicycle  moves  forward. 

If  D^  stands  for  the  distance  the  power  P  moves  downward  from 
its  present  position  during  any  very  short  time,  and  if  D^  standfl 
for  the  distance  W  moves  upward  during  the  same  time,  we  have 


Du  :D, 


to 


\2n  :  56;r. 


Hence  the  law  WXDu,  =PXDp  gives 

TFX56;r=PX127r, 
or  TF=AP=xVX  150=32.1+ abs.) 
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PROBLEMS  AND  QUESTIONS. 

(1)  A  large  pair  of  shears  is  used  to  cut  a  wire.  One  handle  of  the 
shears  being  held  fixed,  a  power  of  25  lbs.  is  applied  to  the  other 
handle  at  a  distance  of  2  ft.  from  the  pivot.  The  wire  cut  is  placed 
2  in.  from  the  pivot.  How  great  is  the  resistance  offered  by  the 
wire;  that  is,  how  great  a  force  applied  just  over  the  wire  would 
drive  the  blade  through  it? 

(2)  A  man  lifts  10  lbs.  of  coal  on  a  shovel.  His  left  hand  is  at  the 
end  of  the  handle;  his  right  hand  is  18  in.  distant  from  his  left  hand; 
the  centre  of  gravity  of  the  coal  is  36  in.  distant  from  the  left  hand. 
The  shovel  itself  weighs  6  lbs.,  and  its  centre  of  gravity  is  21  in.  from 
the  left  hand. 

(a)  What  is  the  direction  and  magnitude  of  the  force  exerted  by 
the  left  hand?     (Consider  the  right  hand  as  the  fulcrum.) 

Ans.  11  lbs. 

(6)  What  is  the  direction  and  magnitude  of  the  force  exerted  by 
the  right  hand?  (Answer  this  question  as  if  the  left  hand  were  re- 
placed by  a  weight.) 

(3)  A  body  weighing  160  lbs.  is  suspended  from  a  pole  resting  on 
the  shoulders  of  two  men,  A  and  B,  of  equal  height.  The  point  of 
suspension  is  3  ft.  from  A's  shoulder  and  5  ft.  from  B's.  How  much 
of  the  weight  does  each  man  bear? 

(4)  Six  men  are  working  at  a  capstan,  each  exerting  a  force  of  20 
lbs.,  each  at  a  distance  of  6  ft.  from  the  centre.  The  diameter  of 
the  coils  in  which  the  rope  is  being  wound  on  the  drum  is  1  ft. 
How  great  is  the  strain  on  the  rope,  all  friction  being  neglected? 

(5)  A  man  finds  that  by  moving  one  point  of  a  machine,  consisting 
of  levers  and  pulleys,  forward  10  in.  he  can  move  another  point  of 
the  machine  1  in.  If  a  force  of  5  lbs.  is  applied  at  the  first  point, 
how  great  a  resistance  applied  at  the  second  point  will  be  required 
to  neutralize  it,  if  there  is  no  friction  in  the  machinery? 

(6)  Name  any  tools  or  machines,  not  already  mentioned  in  this 
book,  in  which  levers  or  pulleys  are  used? 

(7)  To  a  rod  extending  east  and  west  are  applied  two  forces,  one 
of  10  lbs.,  the  other  of  5  lbs.,  both  due  south,  the  points  of  applica- 
tion being  18  ft.  apart.  State  the  magnitude,  direction,  and  point  of 
application  of  their  equilibrant;  of  their  resultant. 

(8)  If  the  two  forces  applied  to  this  rod  were  6  lbs.  due  north  and 
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15  lbs.  due  south,  the  points  of  application  being  12  ft.  apart,  sWi 
what  would  be  the  magnitude,  direction,  and  point  of  application  df 
the  equilibrant;  of  the  resultant. 

(9)  Let  two  forces,  one  of  10  lbs.  due  north,  the  other  of  10  Ba^ 
due  south,  be  applied  to  the  rod,  the  points  of  application  being  6  ft 
apart.     Find,  if  possible,  the  magnitude,  direction,  and  point  of  Ipt 
plication  of  the  equilibrant;  of  the  resultant.     (A  set  of  two  e(|l|L 
forces  like  those  just  described,  applied  to  the  same  body  in  exMl^ 
opposite  directions,  but  not  in  the  same  line,  constitute  wfaltil.. 
called  in  mechanics  a  couple.     The  student  should  bear  car^uUjil^ 
mind  what  he  here  learns  concerning  the  equilibrant  and  the  ii^i * 
sultan t  of  a  couple.) 

(10)  To  the  rod  already  mentioned  let  three  forces  be  applied, 0M,>¥ 
of  5  lbs.  due  north,  one  of  10  lbs.  due  south,  one  of  10  lbs.  due  mvttf . 
the  points  of  application  being  respectively  4,  8,  and  12  ft.  from  to* 
western  end  of  the  rod.     State  the  magnitude,  direction,  and  poinirf  • 
application  of  the  equilibrant  of  these  three  forces;    of  theurw* 
sultant. 

(11)  Let  the  forces  be  6  lbs.  north,  8  lbs.  south,  10  lbs.  north,  flid  >• 
15  lbs.  south,  the  points  of  application  being  respectively  4,  8, 1%  | 
and  16  ft.  distant  from  the  western  end  of  the  rod.     State  the  ln■(^ 
nitude,  direction,  and  point  of  application  of  their  equilibrant;  rf 
their  resultant. 

(12)  A  board  one  foot  square  is  placed  horizontal  and  is  loaded!^ 
the  northeast  comer  with  10  lbs.,  at  the  southeast  comer  with  10 
lbs.,  at  the  southwest  comer  with  20  lbs.  Find  the  position whiew 
a  single  supporting  point  must  be  placed  and  the  load  which  tbiB 
point  must  bear,  the  weight  of  the  board  being  disregarded. 

(13)  A  force  of  20  lbs.  acts  due  north  from  a  point  8  ft.  from  the 
western  end  of  a  rod.  State  the  magnitudes,  directions,  and  pointe 
of  application  of  three  pairs  of  forces,  each  one  of  which  pairs  would 
just  neutralize  this  force,     (See  §  73.) 


CHAPTER  VI. 
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GRAVITY  AND  THE  CENTRE  OF  GRAVITY:    STABILITY. 

79.  Direction  in  which  Gravity  Acts. — ^Frequent  allu- 
sion has  been  made  in  the  preceding  pages  to  the 
force  of  gravity,  and  its  famihar  tendency  to  draw 
all  objects  towards  the  earth  has  been  assumed  to 
be  known  by  the  student.  The  direction  of  gravity 
may  be  found  by  means  of  a  plumb-line  (Fig.  55), 
and  such  a  line  will  always  be  found  to  point  nearly 
towards  the  centre  of  the  earth.  The  line  OP^  or 
0(7,  passes  through  the  centre  of  the  plumb-bob 
P,  and  shows  the  line  of  direction  in  which  gravity 
acts  upon  the  bob  taken  as  a  whole. 

Since  the  earth  is  nearly  spherical,  no  two  plumb- 
lines  on  the  same  hemisphere 
could  be  precisely  parallel, 
except  in  cases  where  local 
disturbances  of  the  direction 
of  gravity  are  caused  by  the 
neighborhood  of  mountains, 
etc.  Plumb-hnes  far  apart 
are  in  general  very  different 
in  direction,  as  is  shown  in 
Fig.  56.  On  account  of  the 
ma^tude  of  the  earth,  how- 
ever, the  lines  of  direction  of 
gravity  actiifg  upon  the  dif- 
ferent parts   of  all    ordinary 

objects  form  with  each  other  angles  too  small  to  be  easily 
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seen ;  that  is,  they  are  practically  parallel.  The  action  of 
gravity  upon  bodies,  therefore,  gives  rise  to  a  large  and 
important  class  of  problems  upon  parallel  forces. 

80.  Centre  of  Gravity. — Since  gravity  must  be  supposed 
to  act  upon  every  particle  of  a  body,  it  is  clear  that  the 
total  effect  of  gravity  upon  any  object  is  the  resultant 
of  a  very  great  number  of  parallel  components.  The 
point  of  application  for  this  resultant,  or  the  centre  about 
which,  as  a  point  of  support,  a  body  will  balance  in  any 
and  all  positions,  is  called  the  centre  of  gravity,    (See  §  65.) 

It  is,  in  many  cases,  an  easy  matter  to  find  approxi- 
mately by  experiment  the  position  of  the  centre  of  gravity. 
If  a  slender  cyUnder,  such  as  a  knitting-needle,  is,  after  a 
series  of  trials,  made  to  balance  across  a  knife-edge,  it  is 
plain  that  the  centre  of  gravity  must  lie  in  the  centre  of 
that  cross-section  of  the  needle  which  is  vertically  above 
the  knife-edge.  If  a  flat  piece  of  cardboard  can  be  bal- 
anced on  the  point  of  a  needle  or  a  pin,  the  centre  of 
gravity  lies  half-way  between  the  two  surfaces  of  the  card- 
board, vertically  above  the  point  of  the  needle.  In  a  body 
which  is  of  uniform  density  throughout,  the  centre  of 
gravity  and  centre  of  figure  coincide;-  that  is,  the  centre 
of  gravity  of  a  sphere  is  at  its  centre,  that  of  a  right 
cylinder  is  at  the  centre  of  its  axis,  that  of  a  cube  is  at  the 
intersection  of  its  diagonals,  and  so  on. 

Such  an  object  as  a  sheet  of  writing-paper,  of  card- 
board, or  of  ordinary  rolled  zinc  may  safely  be  assumed 
to  have  a  nearly  uniform  thickness  throughout.  If  the 
shape  of  such  an  object  is  a  regular  gecmelric  figure, 
it  is  a  simple  matter  to  find  its  centre  by  geometry.  If  the 
shape  is  irregular,  the  centre  of  gravity  may  still  be  easily 
found  by  means  of  the  plumb-line,  used  as  in  §  65. 

The  expressions  ^^  centre  of  gravity  of  a  line/^  *' centre  of 
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gravity  of  a  surface,^^  etc.,  when  they  are  met  with  in 
books  on  mechanics,  may  be  interpreted  to  mean  centre 
of  gravity  of  an  extremely  slender  cylinder,  of  an  ex- 
tremely thin  sheet,  etc. 

8 1.  Stability. — ^When  we  speak  of  the  stability  of  an 
object  resting  upon  a  supporting  surface,  we  usually  have 
in  mind  the  angle  through  which  it  must  be  tilted  to  over- 
turn it.  Stability,  in  the  case  of  rigid  bodies,  depends 
upon  two  factors,  the  area  of  the  base  upon  which  the  body 
rests  and  the  height  of  the  centre  of  gravity  above  the  base. 
In  estimating  the  size  of  the  base  of  an  object  it  must  be 
noticed  that,  for  the  purpose  of  stability,  the  base  consists 
of  the  whole  area  included  by  straight  Unes  which  con- 
nect the  outermost  supporting  points  all  around.  For 
instance,  the  base  of  a  three-legged  stool,  or  a  tripod- 
support  for  a  photographer's  camera,  is  a  triangle,  of 
which  the  foot  of  each  leg  forms  a  vertex. 

In  illustration  of  the  influence  of  the  area  of  the  base, 


Fig.  57. 

compare  the  angle  traversed  by  the  centre  of  gravity  of  a 
square  prism,  A  (Fig.  57),  1  cm.  square  and  10  cm.  long, 
placed  on  end  and  then  overturned,  with  the  angle  traversed 
imder  similar  conditions  by  the  centre  of  gravity  of  a  de- 
cimeter cube,  B.  The  block  A  will  not  of  itself  overturn 
until  f:ftcr  its  diagonal  AF  has  passed  the  vertical  posi- 
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tion  which  it  has  in  the  figure.    In  the  same  way 
of  itself  overturn  only  after  BG  has  passed  the 
position.    To  be  upset,  therefore,  the  block  A  has 
tilted  only  a  bit  more  than  the  very  small  angle 
while  the  block  B  has  to  be  tilted  a  bit  more  than  the 
HGI,  of  45°. 

In  order  to  show  the  influence  of  the  height  of  the 
of  gravity  on  stability,  suppose  a  heavy  iron  nut, 
hole  1  cm.  or  more  in  diameter,  to  have  a  cylindrical 
of  wood  inserted  in  it.    When  the  nut  is  near  the 


:i.i. 


Fig.  58. 

ing  surface,  as  shown  in  A  (Fig.  58),  the  stability  will 
considerable;  when  the  nut  is  near  the  upper  end  of 
stick,  as  in  B,  the  stability  will  be  very  slight. 

The  common  term  top-heavy^  applied  to  objects  lifcB 
well  expresses  the  actual  reason  of  their  instability. 

82.  Kinds  of   Equilibrium. — Bodies  are  said  to  be 

stablCj  in  unstable^  or  in  neutral  equilibrium,  accoidiiig  te 
their  behavior  upon  being  tilted,  or  displaced  through 
extremely  small  angle.    If  they  tend  to  right  th< 
that  is,  to  return  to  their  first  position,  their  equihbl 
stable.    If  they  tend  to  become  overturned,  their 
rium  is  unstable.    If  they  remain  indifferent' 
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rium  when  the  centre  of  gravity  of  W  falls  in  the 
OG,  which  represents  the  direction  of  one  of  the 
radii.     W,  then,  is  the  position  of  rest  for  the 
when  left  free  to  settle.    The  plumb-line  and  the  psidn-' 
lum  illustrate  this  principle. 

Fig.  60  represents  two  steel  forks  stuck  into  a  cofltk, 
the  whole  balancing  upon  the  head  of  a  pin.  In  tiiifl  caa^ 
as  in  many  others,  the  centre  of  gravity,  C,  is  not  inaidaj 
the  substance  of  the  balancing  body.  Other  similtfl 
toys  are  familiar. 

84.  Theory  of  a  Simple  Balance. — ^Fig.  61  repres^ito 
a  balance  of  a  very  simple  kind,  supported  at  the  point  0. 
The  pans  P^  and  P2,  hanging  freely  from  the  points  Xi  j 
and  K2,  have  the  same  eflFect  as  if  their  weights  were  coi* 


xt 


.A 


A. 


Fig.  60. 


Fig.  61. 


centrated  at  these  points.  The  centre  of  gravity  of  the 
whole,  consisting  of  the  beam  jB,  the  pans,  regarded  as  at 
K^  and  K^,  and  the  pointer  /,  is,  we  will  suppose,  at  C,  % 
little  below  the  point  of  support.  When  the  balance  ia 
disturbed  the  pointer  swings  easily,  like  a  pendulum, 
through  its  position  of  equilibrium  in  either  direction. 

If  a  small  weight,  p,  is  placed  in  P,  the  equilibrium  k 
for  the  moment  disturbed.  The  pointer  swings  and  pres- 
ently comes  to  rest  in  a  new  position.  The  conditioii  ol 
things  is  then  illustrated  by  Fig.  62. 

The  point  C,  at  which  we  may  regard  the  weight  of  H^ 
beam,  etc.,  concentrated,  now  hangs  to  the  leSt  i 
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veiiical  line  through  tiie  point  of  support  0.  We  have 
equilibrium  when  the  moments  calculated  with  respect  to 
O  balance  each  other  (§  72).    The  moment  of  the  weight 


Fig.  62. 

which  we  regard  as  applied  at  C  is  negative.  The  moment 
of  p  with  respect  to  0  is  positive.  The  moment  of  C  in- 
creases when  the  index  swings  farther  from  its  first  position ; 
the  moment  of  p  decreases  at  the  same  time.  So,  at  a 
certain  position  of  the  index  the  two  become  equal  and 
there  is  equilibrimn. 

The  nearer  C  is  to  0,  other  things  being  equal,  the 
farther  the  index  must  move  when  the  weight  p  is  added. 
By  attaching  to  the  index  a  small  rider  that  can  be  moved 
up  and  down  upon  it,  the  sensitiveness  of  the  balance  can 
be  changed  at  will.  Frequently  an  adjustable  rider  for 
this  purpose  is  placed  on  a  stem  reaching  upward  from 
the  middle  of  the  beam. 

85.  Centre  of  Buoyancy:  Stability  of  Floating  Bodies. 
— In  a  body  of  liquid  at  rest  any  portion  not  at  the  bottom 
may  be  regarded  as  foaling  in  the  remainder. 

The  liquid  pressing  against  any  body  wholly  or  partly 
submerged  depends  upon  the  shape  and  position  of  its 
submerged  surface,  but  does  not  depend  upon  its  kind  c' 
materiaL  .  The  resultant  of  the  Uquid  pressure  against  f 
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QUESTIONS  AND  PROBLEMS. 

(1)  Show  that  a  brick  laid  on  a  table-top  may  have  three  positions, 
one  of  greatest,  one  of  least,  and  one  of  medium  stability.  (Dis- 
regard the  scarcely  possible  case  of  balancing  it  upon  an  edge  or 
comer.) 

(2)  What  kind  of  equilibrium  has  a  straight  bar  balanced  across  a 
fulcrum  beneath  It  and  having  a  weight  suspended  by  a  string  from 
each  end? 

(3)  How  would  the  equilibrium  of  the  apparatus  of  Problem  2 
be  affected  by  replacing  the  strings  by  light,  stiff,  wires  rigidly 
attached  ? 

(4)  A  telegraph-pole  is  made  of  three  hollow  iron  cylinders  joined 
end  to  end.  Each  cylinder  is  3  m.  long.  The  lowest  weighs  200 
kgms. ,  the  middle  one  100  kgms. ,  and  the  uppermost  50  kgms.  Find 
the  centre  of  gravity  of  the  pole.  (Imagine  the  pole  in  a  horizontal 
position,  calculate  the  moment  of  the  weight  of  each  section  with  re- 
spect to  one  end  of  the  pole,  find  the  force  which  must  be  exerted  by 
a  single  supporting  point,  then  find  the  'position  of  this  point.) 

(5)  A  cube  of  wood,  10  cm.  on  each  edge  and  of  specific  gravity  0.5, 
is  covered  on  one  side  by  a  plate  of  metal  10  cm.  square  and  1  cm. 
thick,  of  specific  gravity  5. 

(a)  How  far  from  the  outer  surface  of  the  metal  plate  is  the  centre 
of  gravity  of  the  whole? 

(6)  If  this  object  is  floated  in  water,  how  far  below  the  surface  will 
the  centre  of  buoyancy  be? 

(6)  A  uniform  lever,  6  ft.  long  and  weighing  20  lbs.,  lies  horizon- 
tally across  a  fulcrum  2  ft.  from  one  end.  A  mass  of  100  lbs.  is 
suspended  from  the  end  of  the  short  arm  of  the  lever.  How  great 
must  be  the  force  applied  at  the  end  of  the  other  arm  in  order  that 
there  may  be  equilibrium? 

(7)  A  lever  weighing  12  lbs.  is  placed  horizontally,  and  carries  at 
one  end  a  weight  of  8  lbs.  The  centre  of  gravity  of  the  lever  is  4  ft. 
from  the  same  end.  At  what  distance  from  this  end  must  a  sup- 
porting point  be  placed  in  order  that  the  whole  may  be  in  equi- 
librium? 

(8)  A  bar  6  ft.  long  has  its  centre  of  gravity  1  ft.  from  one  end  and 
balances  upon  a  point  4  ft.  from  this  end  when  a  load  of  10  lbs.  is 
suspended  from  the  other  end.     What  is  the  weight  of  the  bar? 

(9)  A  bar  6  ft.  long,  uniform   in  cross-section  and  density  and 
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weighing  4  lbs.,  balances  on  a  point  4  ft.  from  one  end  when  a  cer- 
tain load  is  applied  at  the  other  end.  How  great  is  the  load  on  the 
bar  and  how  great  the  pressure  on  the  fulcrum  in  this  case? 

(10)  A  uniform  bar,  10  ft.  long  and  weighing  5  lbs.,  bears  at  a 
distance  of  2  ft.  from  the  end  A  a  slider  weighing  4  lbs.,  and  at  a 
distance  of  6  ft.  from  the  same  end  another  slider  weighing  7  Iba 
How  far  from  the  end  A  must  a  point  be  placed  in  order  that  the 
rod  with  its  loads  may  balance  upon  it  in  a  horizontal  position? 

(11)  Show  what  forces  are  at  work  to  maintain  equilibrium  in  the 
case  of  a  vessel  heeling  (tilting)  over  somewhat  under  the  action  of 
a  wind  which  blows  at  right  angles  to  her  course. 
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weighing  with  the  same,  balance,  and,  if  the  hi 
give  the  weight  of  each  as  n  times  its  true  va 
of  the  two  false  weights  would  be  the  same 
of  the  true  weights,  whatever  the  value  of  n 
But  though  a  balance  may  give  the  weight  ( 
as  n  times  its  true  weight,  n  being  the  same 
of  the  scale,  it  is  very  unlikely  that  several 
all  be  wrong  in  just  the  same  way;  and  as  ir 
we  shall  need  to  use  three  balances  in  comt 
necessary  for  us  to  give  more  careful  atten 
enrors  than  we  have  given  heretofore. 

EXERCISE  15  (12  in  old  Ust). 
ERRORS  OF  A  SPRING-BALANCE. 
Apparatus:  A  spring-balance  (No.  7).      A  set  of  w( 
Thread  for  suspending  the  weights.    A  thin  strip  of  i 
bent  to  clasp  the  case  of  the  balance. 

On  the  whole,  the  best  method  seems  to  be  to  c< 
scale  and  replace  it  with  a  better  one  made  by  the 
This  Exercise  shows  how  this  may  be  done. 

After  rubbing  the  face  of  the  balance  with  emer 
with  mucilage  a  piece  of  white  paper  over  the  scale. 

Suspend  the  balance  in  a  free  vertical  position,  wit 
slide  the  metal  clasp,  which  should  grip  the  case  firmly 

in  position  wherever  placed,  up 
one  edge  is  in  line  with  the  signific 
or  edge,  of  the  index  (Fig.  64),  01 
the  adjustment  in  such  a  way  th; 
pencil-line  is  drawn  along  one  hor 

Uthe  clasp,  this  mark  will  be  in  lin 
nificant  part  of  the  index.     This  > 
zero-mark  of  the  balance  for  use 
position. 

After  drawing  the  zero-mark,  pi 
load,   make  a  new  adjustment 
clasp,  draw  the  corresponding  line,  etc.     In  Exercise 
use  no  force  less  than  100  gm.,  and  for  that  Exercis 
of  making  the  scale  only  from  100  gm.  to  240  gm. 


Fig.  64. 
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88.  Parallelogram  of  Forces. — ^In  the  following  Exe^ 
else  either  the  gram  scale  or  the  ounce  scale  can  be  used,. 

EXERCISE  x6  (13  in  old  list). 

THREE  FORCES  IN  ONE  PLANE  AND  ALL  APPLIED  AT  ONE 
POINT:   PARALLELOGRAM  OF  FORCES. 

Apparatus:  Three  8-oz.  spring-balances,  each  provided  with  tM 
small  blocks  (No.  22)  to  go  under  its  sides  and  hold  it  flat  on  its  baek 
when  it  is  lying  upon  the  table.  The  rectangular  block  (Na  ft 
The  measuring-stick  (No.  3).     A  sheet  of  paper.     Thread. 

Take  two  pieces  of  strong  thread,  one  about  12  inches,  the  otfav 
about  6  inches,  long,  and  tie  one  end  of  the  short  thread  to  the  mid* 


Fig.  65. 

die  of  the  long  one.  Fasten  the  three  loose  ends  to  the  hooks  of  the 
spring-balances;  then  lay  the  latter  upon  the  table,  putting  the 
blocks  under  their  sides,  as  in  Fig.  65,  and  let  one  student  pull  at 
each  balance,  taking  care  that  the  slit  of  each  balMlce-face  is  in  a 
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now  drawn  will  represent  accurately  the  directions  of  the  time 
forces. 

Now  measure  off  from  the  common  point  along  the  line  A  a  £»• 
tance  of  1  cm.  for  each  ounce  (or  each  30  gm.,  if  the  forces  are  mew* 
ured  in  grams)  of  the  force  which  was  exerted  along  that  line,  and 
put  a  small  arrow-head  (see  Fig.  66)  at  the  end  of  this  measured  (£»* 
tance.     Erase  that  part  of  line  A  which  lies  beyond  the  anow-lMad. 

Do  the  same  with  lines  B  and  C  that  has  been  done  with  A.  Ha 
three  arrows  thus  obtained,  all  reaching  from  the  same  point,  rep^ 
sent  the  magnitude  and  the  direction  of  the  three  forces  exerted  I7 
the  spnng-balances. 

Now  with  A  and  B  of  Fig.  66  as  two  of  the  sides  draw  a  panOdih 
gram,  taking  pains  to  make  it  accurate.  *  Then  make  a  parallelpgnBi 
with  B  and  C  as  sides,  then  one  with  A  and  C  as  sides.  Compare  tha 
length  and  direction  of  the  line  C  with  the  length  and  direction  d 
the  diagonal  of  the  parallelogram  AB;  the  line  A  with  the  diagonal 
of  the  parallelogram  BC;  the  line  B  with  the  diagonal  of  AC, 

From  a  study  of  the  Exercise  make  a  rule  showing  how  to  find 

*  One  line  may  be  drawn  very  nearly  p>arallel  to  another  by  means 
of  a  device  illustrated  by  Fie.  67.  LI  is  a  line  already  drawn,  t^ 
block  (No.  9)  is  so  placed  that  for  an  eve  placed  at  E  the  edge  ma 
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appears  to  be  close  to  LI  and  parallel  to  it.     Then  a  pencil-maik  0 
m£ule  along  the  edge  op. 

A  better  method  is  to  set  the  edge  op  on  the  line  lA  and  then  gouk 
the  block  to  a  new  position  by  sliding  it  along  the  straight  edge  of  ft 
ruler  at  right  angles  with  LZ. 
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SoltUion. — Represent  the  weight  of  the  boy  by  the  line  hW, 
1  cm.  long,  we  will  suppose.  The  other  two  forces  acting  on  h  must 
be  such  as  to  make  a  balance  with  this  force.  Draw  the  line  hW 
exactly  equal  and  opposite  to  hW,  and  complete  the  parallelogram 
as  in  the  figure. 

A  little  geometry  shows  that  the  triangle  hiW  is  similar  to  the  tri- 
angle Sbn. 

The  line  hi  represents  the  pull  of  the  swing-rope,  and,  as  the 
triangles  just  mentioned  are  similar,  we  have 

U:hW  wSb'.Sn, 
or  

W-(^H-5n)X6Tr'=(10-^v'l0»34J)x6Tr'=1.09X&TF'. 

But  hW'=hWj  which  represents  a  force  of  50  lbs.     Hence  hi  rep- 
resents 54.5  lbs.  Ans,  to  (a)  =  54.5  lbs. 
The  pull  upon  the  rope  is  therefore  greater  than  the  boy's  wei^U 

The  line  hh^  which  =iTF',  represents  the  horizontal  pulL 

We  have 

hhihW'iwb'.nS, 
or 

6/1=  (4-^-^102 -42)  x6TF'=0.436X&Tr'. 
The  force  represented  by  hh  is  therefore 

0.436X50  lbs.  =  21.8  lbs.       Ans.  to  (5)  =  21.81bs. 

(3)  A  mass  of  20  lbs.  is  suspended  from 
the  point  p  (Fig.  71),  where  a  string  is 
bent  at  a  right  angle.  The  ends  of  the 
string  are  fastened  to  two  nails,  JVj  and 
N2,  which  are  at  the  same  height.  The 
part  ATip  is  4  ft.  long,  the  part  N^  is 
8  ft.  long. 

(a)  How  great  is  the  pull  upon  JNTj? 
(6)  How  great  is  the  pull  upon  AT,? 
Solution, — Represent  the  weight  by  pW.  Draw  pW  equal  and 
opposite  to  pW,     Complete  the  paraUelogram. 

The  triangle  pqW^  is  equal  to  the  triangle  Wrp  and  similar  to  the 
triangle  N^pN^.     The  side  N^N^^  V8H^^=  8.94  ft.  nearly. 
The  pull  on  N2  is  represented  by  pg,  and  we  have 

pqipW'-.iNipiN^N,,  or  pq=^(8^SM)XpW\ 
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Therefore  pq  represents  very  nearly  0.895X20  lbs.  =  17.90  lbs., 
which  is  the  answer  to  question  (a). 

Similarly  we  find  the  pull  on  JVj  to  be  very  nearly  (4  ^  8.94)  X  20 
lbs.  =  8  95  lbs.,  which  is  the  answer  to  question  (6). 

The  pull  along  the  8-ft.  part  of  the  string  is  just  one-half  as  great 
as  that  along  the  4-f  t.  part. 

The  Inclined  Plane. 

89.  Introductory. — ^The  parallelogram  of  forces  will 
enable  us  to  understand  a  contrivance  very  often  used 
for  raising  heavy  weights.  It  is  a  common  thing  to  see 
barrels  of  flour  or  other  heavy  objects  loaded  upon  wagons 
by  rolling  them  up  a  plank  or  a  pair  of  rails,  placed  with 
one  end  on  the  groimd  and  the  other  upon  the  wagon, 
so  as  to  make  the  ascent  gradual  instead  of  straight  up. 
The  flat  slanting  surface  up  which  the  body  is  rolled  is 
called  an  inclined  plane. 

Sometimes  a  body  is  lifted  by  forcing  an  inclined  plane, 
the  slanting  face  of  a  wedge,  imder  it,  as  in  Fig.  72. 


Fia.  72. 

Sometimes  the  force  used  by  an  experin^enter  or  a  work- 
man with  the  inclined  plane  is  parallel  to  the  incUned  sur- 
face; sometimes  it  is  parallel  to  the  base-Une  of  the  plane, 
the  horizontal  surface  of  a  wedge,  for  example. 

We  will  consider  each  case  in  order,  seeking  for  the  con- 
nection between  the  weight,  steepness  of  incUne,  and  force 
to  be  applied. 
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90.  Force  Applied  Parallel  to  Incline. — ^This  case  is 
illustrated  by  Fig.  73,  where 


« 


H         (I 


II 


II 


L  represents  the  length  of  the  incline; 

B         "  ^'   base 

H         "  "   height 

W        "  "  tm^A<  of  the  body  on  the  incline; 

TT'  is  the  equal  and  opposite  of  W; 

N  represents  the  force  exerted  upon  the  body  by  the 
plane  L,  a  force  which  is  straight  outward 
from  the  surface  of  the  incline  if  there  is  no 
friction  (see  Chap.  IX.)  between  the  body  and 
the  incline; 

P  represents  the  pull>  parallel  to  the  plane  L,  which 
with  the  force  N  will  just  balance  W. 


Fio.  73. 

By  comparing  the  triangle  TF'P  with  the  triangle  whose 
sides  are  L,  By  and  H  we  see  that 

P:W' {or  W)\\H\L,    or    PXL^WXH, 
or,  P=Trx(F-L). 

91.  Force  Applied  Parallel  to  Base. — ^This  case  is  illus- 
trated by  Fig.  74. 
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The  line  TT'  is  not  here,  as  it  is  in  Fig.  73,  the  hypothe- 
neuse  of  the  triangle  TT'P;  but  it  is  evident  that  the  tri- 
angle W^P  is  similar  to  the  triangle  made  up  of  L,  5, 
and  H.    P  is  the  force  applied  parallel  to  the  base,  and  just 


Fig.  74. 

sufficient,  with  N,  to  balance  W.    We  have,  from  a  com- 
parison of  the  triangles, 

P:W'{otW)::H:B,    or    PXB=WXH, 

or,  P=TFX(H^B). 

EXPERIMENTS. 

By  means  of  apparatus  No.  XX,  used  as  in  Figs.  75  and  76,  the 
conclusions  of  §§  90  and  91  can  be  illustrated.     In  Fig.  76  the  hori- 


FiQ.  75.  ^Q-  76. 

zontal  force  can  be  applied  by  means  of  a  spring-balance  or  by  p 
of  a  cord  running  over  a  pulley. 
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92.  The  Wedge. — ^The  wedge,  as  commonly  used  (see 
Fig.  72),  is  a  case  of  the  inclined  plane  with  the  applied 
force  parallel  to  the  base.  It  differs  from  the  case  shown 
in  Fig.  76  in  one  respect.  In  Fig.  76  the  body  raised  has 
a  motion  parallel  to  the  base  of  the  plane,  while  the  plane 
itself  has  not.  A  wedge  conmionly  has  a  motion  parallel 
to  its  own  base,  while  the  body  raised  or  otherwise  moved 
by  it  does  not  have  a  motion  in  this  direction.  The  prin- 
ciple involved  in  the  two  cases  is  quite  the  same,  and  for  a 
wedge  used  to  lift  a  weight  we  have,  leaving  friction  out 
of  account  as  before, 

PXB=WXH,    or    P=WX{H^B), 

where  P  stands  for  the  driving  force,  W  for  the  wdight 
lifted,  H  for  the  thickness  of  the  wedge,  and  B  for  its 
length. 

93.  The  Screw. — The  screw  is  an  ingenious  form  of  the 
inclined  plane,  as  the  following  experiment  will  show. 


EXPERIMENT. 
Cut  out  a  long  narrow  triangle  of  paper  (see  Fig.  77)  and  then 
wind  it  upon  a  lead-pencil,  beginning  at  the  end  H  and  keeping  the 
line  B  all  the  time  at  right  angles  with  the  length  of  the  pyenciL 
The  line  L  will  make  a  regular  spiral  around  the  pencil,  correspond- 
mg  to  the  thread  of  a  screw. 

Pitch  of  a  Screw, — ^The  distance  from  one  turn  of  the 
thread  to  the  next  tiun,  measured  parallel  to  the  length 
of  the  screw,  is  called  the  pitch  of  the  screw. 

It  is  evident  that  in  the  ordinary  use  of  a  screw  one 
revolution  moves  it  forward  or  backward  the  length  of  its 
pitch. 
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Fig.  78. 


g4.  Use  of  the  Screw  in  Liftiiig. — ^A  very  large  iron 
screw  (Fig.  78),  called  a  jack-screw,  is  frequently  used 
for  lifting  very  heavy  bodies. 
The  power  is  applied  to  such  a 
screw  by  means  of  a  long 
handle  or  lever,  which  projects 
from  the  head  of  the  screw  at 
right  angles  with  its  axis,  its 
central  lengthwise  line,  a. 
Leaving  friction  out  of  ac- 
count, we  clan  find  the  rela- 
tion between  power  applied  and  weight  of  the  body  lifted 
thus: 

Let  P=the  power  apphed  to  the  handle  at  d,  at  right 
angles  with  the   handle  and  with  the  axis 
of  the  screw; 
-A=the  distance,  da,  from  the  point  of  application 
of  P  to  the  axis  of  the  screw; 
r=the  radius,  aCy  of  the  scre\7  itself; 
p=the  pitch  of  the  screw; 
W==the  weight  of  the  body  lifted. 

The  force  P  produces  r.t  the  thread  of  the  screw  a  force 
P'  =  PX(^-:-r).    (See  Exercise  13.) 

This  force  at  the  thread  is  like  the  power  used  to  drive 
a  wedge.  The  circumference  of  the  screw  at  the  thread, 
which  =2;rr,  corresponds  to  the  length  of  the  base  of  the 
screw,  while  the  pitch  corresponds  to  the  thickness  of  the 
wedge.     We  have,  then,  see  §  92, 


That  is 


whence 


P'X2;rr=TFXl>,  or  P'=Trx(l>-^2;rr). 


PX(A-^r)  =  TFX(p-^2;rr); 
PX2nA'^WXp,  or  P=:(TFXj>)-5-2;rA. 
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[95.  Work. — ^In   §  78,  while  dealing  with  levers  and 
pulleys,  we  came  on  the  law, 
jxywer  X  distance  it  moves^^weight  X  distance  it  is  raised. 

If  we  now  take  the  distance  the  power  moves  as  meaning 
the  distance  the  point  of  application  of  the  power  moves 
in  the  direction  of  the  power,  we  shall  find  that  this  same 
law  holds  in  the  case  of  the  inclined  plane  and  of  that 
combination  of  inclined  plane  and  lever  which  we  have  in 
the  screw.  For  example,  in  §  91,  if  the  weight  W  is  drawn 
the  whole  length  of  the  incUne  it  is  raised  the  distance 
H,  and  in  order  to  produce  this  result  the  horizontal 
power  P  must  move  a  horizontal  distance  B;  so  that  the 
law  PXB=WXH,  which  is  found  at  the  end  of  §  91,  is 
merely  a  special  case  of  the  law  ^ven  in  §  78  and  again 
here.  The  same  general  law  would,  in  the  case  of  the 
jack-screw  (§  94)  bring  us  at  once  to  the  right  conclusion, 
PX27rA  =  TFX7>. 

The  product,  power  X  distance  power  moves  in  its  ovff^ 
direction,  is  called  (see  §  237)  the  work  done  by  the 
power.  The  product,  weightX distance  it  is  raised,  is  called 
the  work  done  on  the  weight.  The  law,  then,  which  we 
are  here  discussing  is  a  statement  that  the  work  do^ 
by  the  power = the  work  done  on  the  weight. 

This  law  holds  strictly  true  only  when  there  is  no  fric- 
tion in  the  machinery  between  the  power  and  the  weight.] 

96.  Forces  Acting  upon  a  Sail-boat. — ^A  boat  sailing 
against  the  wind  gives  a  familiar  illustration  of  the  com- 
bination of  several  forces. 

Let  KK  (Fig.  79)  represent  the  Une  of  the  keel,  and 
SS  that  of  the  sail.  Let  W  represent  the  direction  of  the 
wind. 

If  we  may  disregard  the  friction  of  the  wind  against 
the  canvas,  the  direction  of  the  force  exerted  by  the  wind 
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against  the  sail  is  at  right  angles  with  the  sail  and  may 
be  represented  by  PN.  This  force  may  be  resolved  (§97) 
into  two  components,  one,  PL,  at  right  angles  with  the 
keel,  the  other,  PF,  parallel  to  the  keel.  PL  tends  to  drive 
the  boat  sideways,  and  does  so  to 
a  greater  or  less  extent,  in  spite  of 
the  resistance  offered  by  the  broad- 
side and  by  the  keel  or  centre-board 
that  extends  below  the  hull.  PF 
tends  to  drive  the  boat  forward  in 
the  direction  of  the  keel,  and  the 
resulting  motion  carries  the  boat 
obliquely  toward  that  quarter  from 
which  the  wind  is  blowing. 

QUESTION. 
Can  a  boat  sail  toward  the  wind  when 
the  sail  is  parallel  to  the  keel? 

[It  is  said  that  ice-boats,  that  is, 
boats  driven  by  wind  across  fields  of 

smooth  ice,  sometimes  sail  faster  than  the  wind  itself  is 
moving.  This  cannot  occur,  or,  at  least,  cannot  continue, 
when  the  boat  is  moving  directly  before  the  wind,  as  in 
Fig.  80,  for  the  sail  SSj  gaining  upon  the  air  in  front,  would 
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compress  it,  and,  outstrippmg  the  air  behind,  would  rarefv 
it,  so  that  it  would  practically  encoimter  a  contrary  ^ 


But  if  the  direction  of  the  wind  is,  for  instance,  at  right 
angles  with  the  motion  of  the  boat,  as  in  Fig.  81,  it  is 
possible,  if  friction  is  very  slight  indeed,  for  the  boat  to 
go  faster  than  the  Nvind,  the  sail  moving  the  length  of  the 
line  ac,  from  position  S  to  position  5',  while  the  wind 
moves  the  lengtii  of  the  line  ab.] 

97.  Composition  and  Resolution  of  Forces. — Finding 
the  resultant  (§  73)  of  two  or  more  forces  is  called  the 
composilion  of  forces. 

Finding  the  components  (§73)  of  a  force  is  called  the 
resolxUion  of  the  force. 

In  Chapter  V.,  where  we  had  to  do  with  parallel  forces, 
we  learned  how  to  find  the  resultant  of  more  than  two 
component  forces.  Conversely  we  could  resolve  a  ^ven 
force  into  a  set  of  more  than  two  parallel  components. 

In  the  present  chapter  we  have  studied  the  laws  rf 
equilibrium  of  three  forces,  all  in  one  plane,  all  applied 
to  the  same  point,  and  have  leametl  to  make  simple  ap- 
plications of  the  "parallelogram  of  forces"  to  problems 
in  composition  and  resolution.  From  this  we  can  readily 
go  on  to  much  more  complex  cases.  For  the  poWer  wb 
have  gained  of  finding  the  resultant  of  any  two  forcffl 
meeting  at  a  point  enables  us  to  find  the  resultant  of  any 
number  of  forces  meeting  at  a  point,  forces  not  necessarily 
confined  to  one  plane,  but  pointing  in  any  direction. 
We  first  find  the  restdtant  of  any  two  of  the  forces  and 
replace  the.w  two  forces  by  this  resultant,  thus  reducing 
by  one  the  number  of  forces.  The  same  process  continued 
leaves  at  last  a  single  force,  which  is  the  resultant  of  all 
those  originally  given. 

Examination  of  figures  in  which  the  paraLelogram  of 
forces  has  been  used  will  show  that,  when  the  three  forces 
are  in  equilibrium,  the  arrows  which  represent  them  will, 
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I'd!  H<»m  crrat  is  Jiie  5-.""lJil  :".TW  f\rr;*d  b 
groumi,  the  wicil  ii  lb*  -^KiL  in-;:..; 
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(h)  HoK  cTpat  i?  the  wnk-al  p^i#h  i"(- 
erted  bveacb  stick  apain^l  the  crv>mi.l* 

(c)  How  great  is  the  horiioni.t)  pti^h       •* 
exerted    by    earh    stick    agnin^l    th<- 
ground? 

(We  see  from  this  problem  that  thi-  U<Ut\  \>' 
A  and  B  is  just  equal  to  thi'  wi-iulit  of  th'' 
n'dght  of  the  sticks  not  lioiiij;  I'fnisiiii'n'i!,  Il 
one  end  of  tlie  roof  of  a  hoiist',  thf  husvm'I'  In  li 
of  the  roof  to  push  the  wiiUs  iipiirt.  This  1i'n. 
roofs  by  beams  or  rods  foimfi-tinR  .1  and  II.) 

(C)  A  wedge  1  ft.  long  on  iU  Ihihi-  »n.l  1!  in. 
weight  of  300  lbs.  in  a  case  when'  rricli.iii  iii 
count.     How  great  is  the  forcr,  [juriillrl  tn  i 
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(7)  A  safe  weighing  2000  lbs.  is  resting  on  an  inclined  plane  12  ft 
long,  one  end  of  which  is  2  ft.  higher  than  the  other.  How  great  is 
the  force,  parallel  to  the  incline,  required  to  keep  it  from  sliding 
down? 

(8)  A  jack-screw  having  a  pitch  of  J  in.  and  a  handle  2  ft.  1  in. 
long  is  used  to  lift  a  mass  of  5000  lbs.  How  great  must  be  the  power 
applied  to  the  end  of  the  handle? 

(9)  Construct  a  diagram  and  thus,  by  measurement,  find  the  re- 
sultant of  two  forces,  A  of  5  kgm.  and  5  of  8  kgm.,  acting  at  an 
angle  of  60°  with  each  other. 

(10)  Resolve  a  force  of  100  kgm.  into  two  components  acting  at 
right  angles  to  each  other,  one  being  twice  as  large  as  the  other. 

Ans.  44.72+ kgm.  and  89.44+kgm. 

(11)  If  the  angle  between  two  lines  is  30°,  find,  by  drawing  and 
measuring,  the  magnitude  of  the  component,  along  either  line,  of  a 
pull  of  400  kgm.  along  the  other  line.         Ans.  346.4  kgm.,  nearly.  ' 

(12)  A  loaded  freight-car  weighs  25  tons.  It  is  held  at  rest  on  a 
grade  which  rises]l  ft.  for  every  50  ft.  of  track.  What  force  parallel 
to  the  track  is  needed  to  hold  the  car  in  place,  the  effect  of  friction 
being  neglected? 

(13)  Show  by  constructing  a  triangle  of  forces  (§  97)  whether  the 
three  forces,  A  (=5  kgms.),  B  (=6  kgms.),  C  (=12  kgms.),  can 
balance  each  other. 

(14)  A  boat  is  moored  to  a  pile  driven  into  the  bed  of  the  river. 
The  boat  is  pressed  due  southward  by  the  river-current  with  a  force 
of  200  lbs.  and  due  southeastward  by  the  wind  with  a  force  of  80  lbs. 
Construct  a  diagram  to  show  the  amount  and  direction  of  the  re- 
sultant pressure.  Find  by  measurement  the  amount  of  this  pres- 
sure? 

(15)  A  rope  is  attached  to  two  hooks  which  are  on  the  same  level 
and  20  ft.  apart.  At  the  middle  of  the  rope,  which  hangs  10  ft 
below  the  level  of  the  hooks,  is  suspended  a  weight  of  100  lbs.  How 
great  is  the  pull  upon  each  hook?  The  weight  of  the  rope  is  neg- 
lected. Ans.  70. 7 -fibs. 

(16)  A  holds  one  end  of  a  rope,  and  B  holds  the  other  end.  At  a 
certain  point  between  them  a  weight  hangs  from  the  rope,  and  the 
rope  bends  at  a  right  angle  at  this  point.  A  pulls  with  a  force  of  12 
pounds,  B  with  a  force  of  16  pounds.  How  great  is  the  weight  which 
hangs  from  the  rope?     (The  weight  of  the  rope  itself  is  neglected.) 

(17)  Construct  a  diagram  to  show  how  equilibrium  is  secured  in 
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the  case  of  a  heavy  sinker,  attached  to  a  fishing-line,  dropped  into  a 
swift-flowing  stream  and  allowed  to  move  down  stream  until  the  line 
stops  it.  (Neglect  the  action  of  the  water  on  the  line,  but  consider 
the  buoyant  action  and  the  friction  of  the  water  on  the  sinker.) 

(18)  A  child  is  seated  in  a  swing  which  is  drawn  forward  from  its 
position  of  rest  and  held  motionless  by  a  cord.  Make  a  diagram  to 
show  the  number  and  direction  of  the  forces  engaged,  then  assume 
that  the  child's  weight  is  50  lbs.,  and  find  by  means  of  your  diagram 
the  magnitude  of  the  other  forces. 


CHAPTER  Vin. 
COUPLES.    TWO  SETS  OF  FORCES  AT  RIGHT  ANGLES. 

98.  Introductory. — ^It  is  important  for  the  student 
not  merely  to  leam  how  to  do  problems  in  mechanics  but 
to  form  the  habit  of  looking  for  useful  applications  of  his 
knowledge  of  elementary  principles.  Such  applications 
have  been  pointed  out  in  a  number  of  cases  in  the  pre- 
ceding chapters,  especial  attention  being  paid  to  the 
conditions  needed  for  equilibriima  (§  69),  with  little  or  no 
attention  to  the  question  whether  the  forces  used  would 
tend  to  bend  or  break  the  body  to  which  they  were  applied 
But  evidently  this  question  is  often  the  most  important 
of  all;  and  it  is  therefore  well  for  us  to  discuss  some  ex- 
amples, such  as  will  be  given  in  this  chapter,  of  the  part 
played  by  the  interior  forces  of  a  solid  body  or  structure. 
Often  in  such  cases  it  is  convenient  to  use  the  idea  of 
couples, 

99.  Couples. — ^A  couple  has  already  been  defined  (see 
Problem  9,  p.  90)  as  two  equal  parallel  forces  acting  in 
opposite  directions  and  not  in  the  same  straight  line. 

If  the  student  has  imdertaken  the  problem  just  men- 
tioned, he  has  probably  discovered  that  there  is  no  single- 
force  equiUbrant  or  resultant  of  a  couple;  but  it  is  nec- 
essary to  make  some  further  study  of  the  properties  of 
such  a  pair  of  forces. 

Let  Fig.  83  represent  a  couple  applied  to  a  body,  and 

let  us  consider  how  the  influence  of  the  given  couple  could 

be  neutraUzed.    If  there  is  a  fixed  pivot  at  the  point  d 
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wie  have  as  the  tDoments,  with  respect  to  tLis  fi 
the  t«'o  forces  making  tbe  eoupie 
-(8X5) 481 


Ttis  moiDeDt  of  —96  cui  be  acutJsJurd  in  ■  ; 

of  waya.     For  iostauce,  if  we  applr  At  /*  &  furoe  id  M 


Jj 


I^iward  (on  tbe  pfte*)-  3w  iiic»rii>ni1  i 
+  96,  and  we  have  equilibriun. 

It  may  look  a^if  weimd  li"r»-  Mmau— 
tJ  a  single  force,  but  we  liuvi  um.  Ti 
algebraic  sum  of  xIk-  /ww*  itium-  ■.i' 
shows  that  thf  jKvm  iuuki  ii"v.  <•>.■-— 
ward.  The  f art  if  tiiai  w-  imv  uu-,- 
couple  with  a  dit-taiii*  u:  )!'  uu'  t 
djstacce  of  C.  ti*  funue*  iiai mj;  t  j. 
latter  a  moiiieiii  "f  -  Wj  J'  v,'  ,'.■;*' 
upward  at  a  jwiw  iial;-vi;'  i>- ■...-.-- 
wouJd  have  exerw^c  fc  i'lc?  ■/  .'; 
moment  of  thit  '&-h.  •■  •  ^■,'l'  ■■■  >  u 
There  is  no  end  v.-  lie  '.-i)!;::^;:;i:j/..  . 
can  balanw  xht  (r-!Kii;u  ■-,■■;  .>  ■, , 
should  find  lii^  b'jdi'.j  j.-;^  .  -  ■.-  i', 
of  moment  —  Wi. 
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Another  fact  is  to  be  noticed.  The  moment  of  the  8-Ib. 
couple  is,  with  respect  to  the  point  P, 

(8X  0)=      0| 
-(8X12)  =  -96)         ^' 

with  respect  to  R, 

-(8X12)=-96) 

(8X  0)=      Oj  "     ^' 

with  respect  to  S,  at  a  distance  I  from  R, 

-(8X(12+0)=-96-8Z) 

+  (8XZ)  =        +81)"     ^• 

With  respect  to  T,  on  a  line  drawn  from  S  at  right 
angles  with  RS,  the  moments  are  the  same  as  with  respect 
to  S. 

In  short,  the  moment  of  a  couple  is  (he  same  and  in  fl« 
same  direction  whatever  the  position  of  the  axis,  proviM 
this  axis  is  perpendicular  to  the  plane  of  the  forces,  and  this 
moment  is  equal  to  one  of  the  forces  multiplied  by  the  per- 
pendicular  distance  between  the  lines  of  the  forces. 

The  distance  just  mentioned  is  called  the  arm  of  the 
couple. 


Two  Sets  of  Forces  at  Right  Angles. 

In  the  Exercise  which  follows  we  shall  consider  experi- 
mentally the  case  of  several  forces  all  in  one  plane  but  not 
all  parallel,  being  grouped  in  two  sets  which  make  right 
angles  with  each  other.  We  might  work  out  the  laws  for 
such  a  case  from  the  experiments  and  discussions  that  pre- 
cede, but  it  is  better  to  reach  them  by  more  direct  methods. 
The  case  is  of  great  practical  importance,  as  we  shaU  see. 


ISO.  girtaar  agjli  if 


IT; 
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We  have  first  the  weight  W  applied  downward 
point  P.    We  know  from  Exercise  17  or  otherwise 
must  be  offset  by  an  equal  force  applied  to  the  bar 
This  force  must  be  exerted  in  the  plane  of  the 


-^^  FiQ.  84. 

for  that  is  the  only  place  where  the  external  bar  is  toudttd 
by  anything  capable  of  supporting  it.  The  upwaid  fcWB 
is  represented  by  the  arrow  TT'. 

W  and  W  make  a  positive  couple  with  an  ann  frdmii 
to  P.  This  must  be  balanced  by  a  negative  couple  of  eqjui 
moment.  The  only  agents  that  can  apply  this  couple  itt 
the  parts  of  the  bar  itself  at  the  left  of  the  section  ob.  % 
shall  see  later  (see  §  200)  that  in  such  a  case  the 
cles  above  the  centre  of  ah  are  stretched  and  those 
the  middle  compressed,  the  outer  parts  being  si 
compressed  more  than  those  nearer  the  centre.  Idl-S 
condition  of  things  the  forces  exerted  upon  the 
part  of  the  bar,  ahPj  by  the  imbedded  part  may  be 
sented,  as  in  the  figure,  by  a  number  of  horizontal 
The  horizontal  forces  directed  toward  the  left  have  a 
resultant,  those  directed  toward  the  right  an  equal 
ant.  These  two  resultants  are  equivalent  to  a 
couple,  and  thus  the  positive  couple  WW  is  balanoedj/' 

Limit  of  Strength  of  the  Bar, 

Influence  of  length. — ^The  parts  of  the  bar  a' 
ab  can  hesLT  a  certain  amount  of  stretching 
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ind  no  more.  Ibe  megDcm  <i  the  cciipk'  tbey  cm  exert 
las  a  certam  fiooit.  If  the  mcfiDeti  <:i  M  il  '  hwicffiDe? 
greater  than  this  £iiat.  the  har  Iwiks-  Ihe  3rjcci«eiLi  of 
fnr'  is  irx6P-  ETideitiv.  the  s^^ftiesi  kakL  W.  irrl<ii 
he  bar  can  bear  inthoiit  bsealoii^  is  ir:ver5>e-]T  rawcTtiocal 
:o  the  length  6P,  the  hadzcmtal  dist&iifie  frv^m  d*  lo  P, 
:See  §  202.) 

Influence  of  tkidnu^s. — Ji  the  bar  is  riade  rsnce  as 
ihick,  as  in  Fig.  85,  ^we  may  draw  twice  as  Tr.ar.y  aiT»ws  to 
^present  the  moieciilar  forces,  but  the  outade  amo^ns  have 


Fig.  S5. 

16  same  limit  of  length  as  before;  for  the  limit  of  stretch- 
ig  or  compression  of  the  substance  is  the  same  as  in  the 
nailer  bar.  The  average  length  of  the  arrows  is  the 
ime,  at  the  breaking  condition,  in  the  thick  bar  as  in 
16  thin  one. 

The  right-hand  and  the  left-hand  resultants  are  t\nce 
3  great  as  in  the  thin  bar,  and  the  points  of  application 
f  these  resultants  are  t\N'ice  as  far  apart  as  in  the  thin 
ar.  Hence  the  moment  of  the  molecular  couple  just 
efore  breaking  is  four  times  as  great  in  the  thick  bar  as 
1  the  other.  Doubling  the  thickness  multiplies  the 
trength  by  four  (see  §  202). 

Influence  of  width. — DoubUng  the  width  of    the 
70uld  double  the  resultants  of  the  molecular  forces^ 
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would  leave  the  lever-ann  of  the  couple  imchanged  in 

length.     Hence  it  would  merely  double  the  strength  of 

the  bar. 
Example  2.  In  Fig.  86  the  inclined  line  M  represents 

a  man  supported  by  a  scaling-ladder  L,  which  hangs  upon 

a  window-sill  S.  A  horizontal  chain 
reaches  from  the  man's  belt  to  the 
hook  of  the  ladder. 

The  forces  applied  to  the  man 
are  his  weight,*  Mj,  downwardi 
and  an  equal  force,  M,,  upward,  the 
two  making  a  negative  couple,  Ifj 
horizontal  toward  the  right  and  Ifg 
horizontal  toward  the  left,  making  a 
positive  couple.  These  two  couples 
being  equal  and  opposite,  the  noan 
is  in  equilibrimn. 

The  forces  applied  to  the  ladder 
are  L^  and  L2,  a  negative  couple, 
L3  and  L4,  another  negative  couple, 
and  Lg  and  L^,  a  positive  couple. 

QUESTIONS  AND  PROBLEMS. 

(1)  Define  the  "moment  of  a  force." 

(2)  A  force  of  5  lbs.  and  a  force  of  10  H* 
are  applied  in  parallel  but  opposite  direc- 
tions to  a  straight  rigid  bar,  the  distance 
between  the  points  of  application  being  8 
feet.     What  is  the  magnitude,  directioDi 

and  point  of  application,  of  a  third  force  that  would  neutraE* 
the  effect  of  these  two? 

(3)  Let  the  checker-board  (Xo.  74)  be  placed  with  the  lines  1-7, 
8-14,  etc.,  east  and  west. 

*  Fig.  80  assumes  that  the  man's  centre  of  gravity  is  cm  a  levd 
with  his  belt.     This  need  not  be  the  fact. 


FiQ.  86. 
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(a)  Let  a  force  of  10  lbs.  north  be  applied  at  point  28,  and  a  force 
of  15  lbs.  south  be  applied  at  point  26.  Tell  the  direction,  magni- 
tude, and  point  of  application,  of  a  third  force  that  would  just  bal- 
ance the  first  two. 

(6)  Let  a  force  of  10  lbs.  north  be  applied  at  point  28,  and  a  force 
of  10  lbs.  south  be  applied  at  point  26.  Tell  the  direction,  magni- 
tude, and  point  of  application,  of  a  third  force,  if  there  is  one,  that 
would  just  balance  the  two. 

(c)  Let  a  force  of  10  lbs.  act  north  from  point  1,  a  force  of  10  lbs. 
south  from  point  7,  and  a  force  of  15  lbs.  west  from  point  8.  Find 
the  magnitude,  direction,  and  point  of  application,  of  a  single  force 
that  will  make  equilibrium  with  all  the  others. 

(4)  Construct  a  diagram  of  four  forces,  acting  in  four  different 
directions,  not  producing  equilibrium,  and  prove  that  equilibrium 
b  impossible  with  the  forces  as  given. 

(5)  Make  a  diagram  of  four  forces,  one  north,  one  south,  one  east, 
and  one  west,  which  will  neutralize  each  other,  marking  the  magni- 
tudes of  the  forces  and  the  positions  of  their  lines  of  action,  no  two 
of  the  forces  lying  in  the  same  straight  line. 

(6)  A  force  of  10  lbs.  acting  south  and  an  equal  force  acting  north 
are  applied  to  a  body,  the  lines  of  action  being  5  ft.  apart.  Show 
fully  by  means  of  diagrams  two  cases  of  equilibrium  in  each  of  which 
this  north  and  south  pair  of  forces  is  balanced  by  an  east  and  west 
pair. 

(7)  A  door  weighing  40  lbs.  has  its  centre  of  gravity  IJ  ft,  distant 
from  a  vertical  line  passing  through  the  pivots  of  the  two  support- 
ing hinges.  The  hinges  are  of  the  simplest  character,  and  6  ft.  apart 
from  centre  to  centre.  The  load  is  divided  equally  between  the  two 
hinges,  but  the  upper  one  is  supposed  to  take  all  the  horizontal  pull, 
and  the  lower  one  all  the  horizontal  push,  caused  by  the  weight  of 
the  door. 

(a)  How  great  is  the  horizontal  pull  upon  the  upper  hinge? 
(6)   How  great  is  the  horizontal  push  upon  the  lower  hinge? 

(c)  Find  by  the  graphical  method  the  direction  and  magnitude  of 
the  total  force  which  the  upper  hinge  applies  to  the  door. 

(d)  Find  by  the  same  method  the  total  force  which  the  lower  hinge 
applies  to  the  door. 

(e)  Find  last  by  the  same  method  the  magnitude,  direction,  and 
point  of  application,  of  the  resultant  of  all  the  forces  applied  to  t** 
door  by  both  hinges. 
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(8)  A  ladder  20  ft.  long  and  weighing  50  lbs.,  the  centre  of  grav- 
ity being  at  the  centre  of  its  length,  stands  upon  level  ground  and 
leans  against  a  vertical  wall^  which  is  so  smooth  that  the  force  be- 
tween it  and  the  ladder  is  wholly  horizontal  The  distance  from 
the  foot  of  the  ladder  to  the  wall  is  8  ft.  A  boy  weighing  100  lbs. 
is  on  the  ladder.     The  ladder  does  not  bend  imder  his  weight. 

Find  the  magnitude  of  the  horizontal  push  H  and  of  the  vertical 
push  V  exerted  by  the  ladder  agsunst  the  ground — 

(a)  When  the  boy  is  midway  between  the  foot  and  the  centre  of 
the  ladder; 

(6)  When  the  boy  b  midway  between  the  centre  and  the  top  of  the 
ladder. 

Suggestion:  Find  first  the  magnitude  and  line  of  action  of  the 
resultant  of  the  two  given  vertical  forees,  the  weight  of  the  ladder 
and  the  weight  of  the  boy.     Then  proceed  in  either  of  two  ways: 

(1)  Treat  the  problem  as  a  case  of  two  equal  and  opposite  couples, 
one  horizontal  and  the  other  vertical. 

(2)  Solve  the  problem  by  a  graphical  use  of  the  parallelogram  of 
forces,  thus:  Draw  a  horizontal  line  from  the  top  of  the  ladder. 
Draw  the  line  of  action  of  the  resultant  of  the  weight  of  ladder  and 
boy.  The  point  of  crossing  of  these  two  lines  may  be  regarded  as 
the  point  of  application  of  the  forces  represented  in  direction  by 
these  lines ;  that  is,  these  forces  will  have  the  same  effect  upon  the 
ladder  as  if  they  were  applied  at  the  end  of  an  arm  reaching  out 
from  the  ladder  to  the  point  described.  The  only  other  force  which 
we  consider  applied  to  the  ladder  is  the  push  of  the  groimd.  This 
push  is  not  wholly  vertical,  for  its  line  of  action  must  pass  through 
the  point  of  application  of  the  other  forces ;  otherwise  it  could  not 
neutralize  them.  We  thus  know  the  direction  of  all  the  forces  cross- 
ing at  the  given  point,  and  the  magnitude  of  one  of  them.  Every- 
thing else  is  easily  found. 

The  answers  for  case  (a)  are  F=150  lbs.,  and  £r=  21.82+ lbs. 


CHAPTER  rs:. 

FRicnoN. 

loi.  Introductory. — ^When  we  push  a  heavy  block  along 
on  the  top  of  a  table  we  feel  a  certain  resistance.  We 
know  from  experience  that  by  making  the  surface  of  the 
table  and  the  surface  of  the  block  very  smooth  we  can 
lessen  the  resistance.  This  resistance^  the  amourU  of  which 
depends  upon  the  condition  of  the  rvbhing  surfaces,  is  called 
Friction, 

Friction  always  opposes  motion,  whatever  may  be  the 
direction  of  the  motion,  that  is,  it  merely  tends  to  stop 
the  motion.  It  never  helps  to  push  the  block  back  to  the 
position  where  it  started. 

We  shall  in  Exercise  18  measure  in  a  number  of  cases 
the  force  required  to  keep  a  block  moving  steadily  along 
on  a  sheet  of  paper  laid  upon  a  level  board,  and  shall  study 
these  cases  with  the  purpose  of  finding  out  some  useful 
facts,  or  laws,  concerning  friction  between  solid  bodies. 

EXERCISE  i8  (14  in  old  Ust). 
FRICTION  BETWEEN  SOLID  BODIES. 

Apparatus:  A  spring-balance  (No  7).  A  rectangular  block  (No. 
9).  Set  of  weights  (No.  19).  A  smooth  sheet  of  paper  about  1  ft. 
wide  and  1}  ft.  long.     Thread. 

We  shall  first  consider  the  velocity  of  the  motion;  that  is,  we  shall 
ask  whether  the  force  required  to  keep  up  a  slow  steady  motion  is 
greater  or  less  than  that  required  to  keep  up  a  more  rapid  steady 

tnotion, 
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Lay  the  block  on  one  of  its  broad  sides  and  attach  it  to  the  spring- 
balance  by  a  thread  passing  around  but  not  under  the  block.  Load 
the  block  with  weights  until  t^e  force  required  to  mamtain  a  slow 
steady  motion  is  about  3  oz.     Draw  the  block  parallel  to  its  0mn 
along  the  sheet  of  paper  several  times  with  a  very  slow  steady 
motion,  and  then  several  times  with  an  equally  steady  motion  two  or 
three  times  as  fast.     (As  the  paper  is  likely  to  grow  someidiat 
smoother  under  the  repeated  rubbing,  the  experimenter  should  not 
make  all  his  slow  trials  first,  but  should  change  from  slow  to  fast 
and  fast  to  slow  a  number  of  times  ) 

Record  your  conclusion  as  to  whether  the  slow  or  the  more  rapid 
motion  requires  the  greater  force. 

We  shall  next  try  to  find  out  whether,  the  total  weight  being  the  sane 
as  before,  it  is  easier  or  harder  to  draw  the  block  on  a  narrow  side  than 
on  a  broad  side. 

Use  the  same  block  and  the  same  load  of  weights,  pulling  it  now, 
as  before,  parallel  to  its  grain  (The  side  upon  which  the  block 
slides  should  in  all  cases  be  clean,  and  the  broad  and  narrow  sides 
which  are  compared  should  be,  as  nearly  as  practicable,  equally 
smooth.  The  thread  must  not  be  between  the  rubbing  surfaces 
in  any  case.) 

Record  vour  conclusion  as  to  whether  the  broad  side  or  the  naT" 
row  side  offers  the  greater  resistance  to  the  motion. 

Finally,  ire  shall  ask  what  connection  there  is  betireen  the  total  fnoss 
drawn  and  the  force  required  to  draw  it. 

For  this  purpose  vary  the  weights  placed  upon  the  block,  ViSO% 
not  less  than  6  oz.  for  the  least  and  as  much  as  16  oz.  for  the  great- 
est load. 

Add  to  the  load  in  each  case  the  weight  of  the  block  itself,  and 
make  the  record  in  the  following  form,  W  being  the  load  and  h  the 
weight  of  the  block: 

W+b*  F  (Force  Required). 


Look  for  any  simple  relation  between  (Tr+  b)  and  F. 

*  It  is  well  to  begin  with  the  lightest  load,  proceed  in  regular 
order  to  the  heaviest,  then  go  back  in  exactly  the  reverse  order  to 
the  lightest,  recording  both  trials  made  ^-ith  each  load  and  taking 
the  mean  of  the  two  for  final  study. 
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is  equivalent  ( §  73)  to  a  force  OP  at  right  angles  with  the 
incline  and  a  force  OM  down  the  incline.    It  is  the  force 


Fig.  87. 


OP  that  causes  the  friction.  It  is  the  force  OM  that 
maintains  motion  in  spite  of  the  friction. 

If  the  body  moves  with  uniform  velocity  down  the 
incline,  as  we  have  supposed,  the  force  OM  must  be  exactly 
equal  and  opposite  to  the  resistance  of  friction.  For  if 
OM  were  greater  than  the  friction,  the  body  would  move 
faster  and  faster  down  the  incUne;  while  if  OM  were  less 
than  the  friction,  the  body  would  move  more  and  more 
slowly  down  the  incline.*  While  the  body  is  moving  down- 
ward friction  is  represented  by  the  arrow  pointing  from  0 
toward  A,  equal  and  opposite  to  OM. 

Therefore  in  accordance  with  the  definition  given  at  the 
beginning  of  this  article,  we  have 

coefficient  of  friction =0M-^  OP. 

*  It  requires  force  to  set  any  body  in  motion,  and  it  lequiiQs  force 
to  stop  any  body  that  is  in  motion.  If  a  body  is  moving  along  in  a 
straight  line  with  uniform  velocity  we  know  that  the  various  forces 
ctctix^  on  it  balance  each  other.     See  §  59  and  §  215. 


A  comparison  of  the  triangle  OWM,  in  which  WM= 
OP,  with  the  triangle  ABC  shows  that  they  are  similar, 
anil  hence 

OM:OP::AC:BC. 
That  is,  the 

coefficient  of  fricli<m=AC-T-BC. 


Apparaiu»:  The  same  block  that  waa  used  in  ExerelBe  18.  A 
flat  board  (No.  20)  about  15  cm.  wide  and  50  cm.  long  for  the  block 
to  slide  on.  A  sheet  of  paper  to  cover  one  side  of  this  board.  Soma 
means  of  raising  one  end  of  the  board  and  adjusting  it  so  that  the 
block  wiU  just  slide  down  it  (another  block  similar  to  the  one  which 
slides,  or  any  amilar  object,  wi!!  do  for  this  purpose).  A  SO-cm. 
measuring-slj  ek. 

Place  one  end  of  the  hoard  on  the  table  and  the  other  on  the  sup- 
port. Varj'  the  steepness  of  the  board  by  varying  the  position  of 
the  support,  until  such  an  inclination  is  found  that  the  block,  once 
started  slowly,  will  barely  continue  in  motion  down  the  board. 

Then  lay  off  on  the  table  beneath  the  board  a  distance  of  30  cm., 
measured  from  the  edge  where  the  board  rests  upon  the  table,  and 
from  the  end  of  this  line  measure  H,  the  vertical  distance  up  to  the 
under  side  of  the  board.     The  coefficient  of  friction  will  be  H-r30. 

If  the  same  block,  the  same  aide  of  the  block,  and  the  same  kind 
of  paper  are  used  in  this  Exercise  as  in  Exercise  18,  the  value  of  the 
coefficients  obtained  in  the  two  Esercises  shouhl  be  compared. 

104.  Friction  in  Applied  Hechanics. — Friction  ia  one  of 
the  most  important  conditions  in  the  construction  and 
operation  of  very  many  mechanical  appliances.  It  enters 
largely  into  the  list  of  resistances  to  be  overcome,  as  in  the 
rolling  friction  of  the  car-wheels  upon  the  track  or  of 
■wagon-wheels  upon  common  roads.  Every  axle  revolves 
I  in  its  bearings  with  a  measurabJe  amomit  of  friction,  which 
can  be  diminished  but  not  overcome  by  oiling  the  siuf aces 
in   contact.     On  the   other  hand,   many   machines,  and 
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mechanical  appliances  would  be  valueless  without  friction. 
Upon  this  the  efficiency  of  belting,  of  brakes,  of  nails  and 
screws  of  every  description,  is  dependent.  The  driving- 
wheels  of  engines  or  of  electric  street-cars,  the  feet  of  men 
or  of  horses,  would  be  unable  to  produce  or  maintain  loco- 
motion without  the  aid  of  friction.  If  its  operation  were 
suspended,  every  river  would  become  a  cataract,  soon 
running  itself  out. 

Rolling:  Friction. 

10$.  Introductory. — ^The  friction  encountered  by  a  mov- 
ing body  is  usually  much  less  when  it  is  on  wheels  or  rollers 
than  when  it  slides,  though  it  is  true  that,  on  snow,  runners 
are  better  than  wheels.  The  wheels  of  ordinary  carriages 
do  not  get  rid  of  sliding  friction  altogether,  for  the  siff- 
faces  of  the  axle  and  the  hub  slide  over  each  other.  The 
"ball  bearings"  of  bicycles  do  away  with  this  sliding  frio- 
tion  almost  completely. 

io6.  Coefficient. — ^The  coefficient  of  friction  of  iron 
wheels  rolling  on  iron  rails  may  be  as  small  as  .002,*  so 
that  a  pull  of  4  lbs.  may  keep  in  motion  a  carriage 
weighing  2000  lbs. 

The  coefficient  of  sliding  friction  of  smooth  dry  iroa 
upon  iron  is  perhaps  .15  or  .20. 

107.  Slipping  of  Wheels.— When  people  were  first  con- 
sidering the  use  of  steam  for  dragging  railroad  trains,  they 
thought  it  would  be  necessary  to  provide  the  driving-wheels 
of  the  locomotive  with  cogs  fitted  to  a  cogged  rail  along 
the  track.  This  device  was  found  to  be  unnecessary  for 
ordinary  work,  but  it  is  used  on  very  steep  inclines  running 
up  the  sides  of  mountains. 

*  Hankine,  CivU  Engineering. 
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Even  upon  ordman'  railroads,  vben  the  nib  are  vet  and 
there  is  a  hea^'^'  train  to  be  set  in  niotioD,  tbe  drirm^ 
wheels  sometimes  slip  and  Fevolve,  idiile  the  train  rdxma 
to  start.  The  frequency  of  the  puSs  frooi  a  loeDtDOthre 
depends  upon  the  speetl  of  revolulitm  oi  the  tbirm^wftfeh, 
and  when  an  en^e  that  has  been  puffing  T«iy  dow^  in 
starting  a  train  suddenly  gives  three  or  four  paBs  In  v«y 
quick  succession,  we  may  conclude  that  the  driving-wlieeb 
are  slipping  on  the  rails.  Engines  are  provided  witfi  sand- 
boxes, from  which  sand  can  be  sprinkled  upon  the  raib  in 
front  of  the  dri\'ing-wheels  when  gtip[nng  occurs. 

Friction  between  Solids  and  Fluids. 

loS.  Unlike  Frictiim  between  SoUds. — ^Tbe  lawn  of  frio- 
IJon  between  solids  and  fluids  are  rer>*  different  ffMn  tboae 
which  hold  between  solids.  Friction  between  solkfs  and 
flimls  changes  comparatively  little  with  change  of  preaBure, 
but  it  changes  a  good  deal  with  change  of  vdod^.  The 
resistance  of  the  air  is  an  important  obetacle  to  rapid 
motion,  as  in  the  case  of  a  railroad  train,  and  the  frictional 
resistance  of  the  water  to  the  hull  and  propeller  of  a  steamer 
demands  most  of  the  steam-power  required  to  propel  the 
vessel. 

The  friction  which  we  are  now  conndering  depends 
also  on  the  area  of  the  surface  of  friction.  When  bodies 
like  feathers  or  very  fine  particles  of  dust,  which  have  a 
vefy  lai^e  surface  for  their  weight,  are  aUowed  to  fall  n 
still  air,  they  gain  no  great  velocity  before  the  resistance 
of  friction  becomes  practically  equal  to  the  pull  of  grav- 
ity, and  thereafter  they  fall  with  practically  unchanging 
velocity  Dust  sent  up  by  great  volcanic  eruptions  U 
sometimes  months  in  falhng  back  to  the  earth.  Liquid 
particles  in  air  act  much  tike  eohd  particles.       In  aome 
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recent  very  important  experiments  at  the  university  of 
Cambridge  the  size  of  very  small  particles  of  water  was 
estimated  from  the  velocity  of  fall  of  the  cloud  which 
they  made. 

109.  Friction  in  Tubes. — ^The  friction  of  liquids  or  gases 
flo\\ang  rapidly  through  long  tubes  is  very  considerable, 
as  the  following  experiments  will  show. 

EXPERIMENTS. 

(1)  Take  a  rubber  tube  2  or  3  m.  long  and  about  0.6  cm.  in  diame- 
ter of  bore.  Cut  off  a  piece  about  20  cm.  long.  Jill  a  laige  glass 
jar  with  water. 

Using  the  short  piece  as  a  siphon,  keeping  the  lower  end  about 
10  cm.  beneath  the  surface  of  the  water  in  the  jar,  find  the  number 
of  seconds  required  to  fill  a  small  tumbler  with  the  water  delivered. 

Try  the  same  experiment  with  the  long  tube,  keeping  its  outlet 
also  10  cm.  below  the  surface  of  the  water  in  the  jar. 

Compare  the  rates  of  delivery  in  these  two  cases. 

(2)  Take  a  rubber  tube  2  or  3  m.  long  and  about  0.15  cm.  in  diame- 
ter of  bore.     Cut  off  a  piece  10  cm.  long.     Light  a  candle. 

Put  out  the  candle-flame  by  blowing  through  the  short  tube.  See 
how  far  from  the  outlet  of  the  tube  the  flame  must  be  placed  in 
order  to  survive  the  blowing. 

Repeat  the  trial,  using  now  the  long  tube. 

Compare  the  distances  in  the  two  cases. 

QUESTIONS. 

(1)  A  body  weighing  20  lbs.  rests  upon  a  horizontal  surface  upon 
which  its  coefficient  of  friction  is  0.2.  How  great  is  the  force  re- 
quired to  keep  the  body  moving  along  the  surface? 

(2)  It  requires  a  force  of  20  lbs.  to  keep  a  certain  body  moving 
along  a  horizontal  plane,  the  coefficient  of  friction  being  0.3.  What 
is  the  weight  of  the  body? 

(3)  A  sledge  weighing  10  lbs.  can  be  drawn  along  a  certain  level 
surface  by  a  force  of  0.25  lb.  How  great  may  we  expect  the  force 
to  be  which  will  just  maintain  motion  when  a  load  of  50  IbB.  is  placed 
on  the  sledge? 
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(4)  A  sledge  weighing  50  lbs.,  having  runnera  lin.  wide,  is  dragged 
along  a  floor  by  a  force  of  15  lbs.  How  great  &  forco  would  be  re- 
quired if  the  runnera  were  twice  as  widel 

(5)  According  to  Rankine'a  Civil  Engineering,  the  coefBcient  of 
sliding  friction  of  loose  earth  on  earth  may  be  as  much  as  1,  although 

is  generally  less.  Suppose  a  bank  of  earth,  wtli  1  tor  the  coeffi- 
cient of  friction,  to  be  made  of  such  steepness  thut  the  outer  surface, 
if  started,  will  continue  to  slide  downward. 

(ri)  If  a  pole  reaches  JO  ft.  straight  downward  into  such  a  bank, 
how  far  along  a  horizontal  line  is  the  lower  end  of  the  pole  from  the 
surface? 

(6)  How  great  is  the  angle  which  the  surface  of  such  a  bank  makes 
with  a  horizontal  plane? 

(6)  Demonstrate  by  aid  of  a  diagram  that  the  steepness  of  an 
incline  that  will  just  allow  a  block  to  slide  down  it  is  independent 
of  the  weight  of  the  block. 

(7)  It  a  block  weighing  50  gm.  is  dragged  at  a  uniform  rate  along 
a  horizontal  surface  by  a  pull  of  20  gm.,  what  is  the  coefficient  of 
friction  ? 

(8)  A  block  slides  with  uniform  velocity  down  a  board  2  m.  long, 
when  one  end  of  the  board  is  raised  50  cm.  above  the  table-top. 
What  is  the  coefficient  of  friction? 

(9)  If  the  coefficient  of  friction  is  1,  what  angle  must  the  inclined 
plane  make  with  a  horizontal  surface  to  cause  a  block  to  sUde  at  a 
■uniform  rate? 

(10)  A  body  weighing  5  lbs.  reste  upon  an  inclined  plane  10  ft, 
long,  w^hose  height  is  6  ft.  and  base  S  ft. 

(o)  How  great  is  the  pressure  which  the  body  exerts  normal  to 
(perpendicular  to)  the  inclined  plane? 

(6)  How  great  a  force  parallel  to  the  incline  is  required  to  prevent 
the  body  from  eliding  down  when  there  is  no  friction?  when  the 
^efficient  of  friction  is  i? 

(11)  {a)  If  frictionof  thecarawerezerojhowsteepaninclinecould 
a  train  weighing  400,000  lbs.  ascend,  the  engine  exerting  a  force  of 
4000  lbs.? 

(6)  The  coefficient  of  friction  being  ^j^j,  how  steep  an incUne  could 
he  train  oacend  with  the  same  pull  of  the  engine?  (Express  steep- 
less  of  incline  as  a  certain  number  of  feet  rise  for  a  certain  number 
ti  feet  of  track.) 


CHAPTER  X. 

NATTTRE  OF  LIGHT;   VISIBILITY  OF  OBJECTS. 

no.  Light  is  Something  that  Travels. — ^We  say  that  a 
lamp  gives,  qt  gives  oxd^  light.  This  is  true.  Light  is 
something  that  comes  to  our  eyes  from  any  object  and 
enables  us  to  see  the  object. 

A  substance  through  which  light  can  travel  is  called  a 
medium  for  light.  We  have  ways  of  measuring  the  time 
required  by  light  to  travel  a  given  distance  in  air  and  in 
manv  other  media. 

III.  Measurement  of  the  Velocity  of  Light. — One  of  the 

simplest  methods  for  measuring  the  velocity  of  light  is  that 
devised  by  the  French  physicist  Fizeau. 

It  consists  essentially  of  a  source  of  light,  from  which  a 
bright  beam  may  be  obtained,  a  toothed  wheel  which  may 
be  made  to  revolve  in  a  plane  at  right  angles  to  the  course 
of  the  beam  of  light,  and  a  plane  mirror.  Apparatus  \^ 
provided  by  means  of  which  the  rate  at  which  the  wheel 
revolves  can  be  exactly  measured. 

The  beam  of  light  passes  through  the  space  between  two 
adjacent  teeth  of  the  wheel,  travels  a  distance  of  several 
kilometers,  is  then  reflected  by  the  mirror,  and  returned 
over  the  same  path  by  which  it  passed  out.  If  the  wheel  is 
at  rest,  the  beam  as  it  returns  will  repass  the  aperture 
between  the  teeth  through  which  it  passed  out.  But  it  is 
easy  to  see  that  if  the  wheel  could  be  revolved  fast  enough 
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a  tooth  might  be  brought  into  the  path  t  f  tlie-  returning 
rays  in  time  to  intercept  them.  Still  more  rapid  revolu- 
tions would  bring  a  new  gap  between  teeth  into  the  path 
of  the  returning  rays,  and  so  on.  In  fact,  alternate  eclipses 
and  appearances  of  the  returning  rays  are  produced  when 
the  wheel  is  revolved  at  a  high  and  continually  increasing 
velocitv.  From  the  rate  of  motion  of  the  wheel  and  the 
distance  traversed  by  the  beam  it  is  not  difficult  to  calcu- 
late the  velocity  of  light. 

As  a  result  of  measurements  made  by  means  somewhat 
different  from  those  just  described,  the  velocity  of  light 
has  been  ascertained  to  be  about  300,000  kilometers,  or 
186,000  miles  per  second,  in  a  vacuum.  The  velocity  in 
air  is  a  little  less. 

112.  Light  is  of  Various  Kinds. — Light  as  it  comes  from 
the  sun,  or  from  most  lanips,  is  of  many  different  kinds,  all 
blended  together  so  that  the  eye  does  not  distinguish  one 
kind  from  another;  but  when  this  mixture  of  light  falls 
upon  certain  objects,  pieces  of  glass  called  prisms,  for  in- 
stance,  the  mixture  is  broken  up  and  we  see  the  different 
colors, 

EXPERIMENT. 

Hold  a  glass  prism  (No.  XXXI)  in  the  direct  sunlight  in  such  a 
position  that  light  after  passing  through  the  prism  will  fall  upon  a 
white  surface  not  in  the  direct  sunlight. 

This  breaking  up  of  light  is  considered  further  in  §  157. 

113.  Light  a  Wave-motion.  —  Before  the  nineteenth 
century  many  people  believed  light  to  consist  of  particles 
of  matter  actually  shot  out  in  some  way  from  the  lumi- 
nous body.  These  supposed  particles  were  called  cor- 
puscles (that  is,  litUe  bodies),  and  this  theory  as  to  the 
lature  of  light  was  called  the  corpuscular  theory. 
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We  now  believe  that  light  is  not  a  substance,  but  a  kind 
of  wave-motion,  a  shiver,  which  is  sent  along  through 
bodies  with  great  velocity  and  to  very  great  distances, 
although  the  particles  of  the  body,  or  medium,  trans- 
mitting this  wave-motion  travel  very  small  distances  on 
either  side  of  their  positions  of  rest.  More  will  be  said 
about  this  in  the  chapter  on  Radiant  Energy, 

114.  Color  and  Wave-length. — ^The  different  kinds  of 
light,  which  produce  in  us  the  sensations  of  different  colors, 
are  distinguished  from  each  other  by  differences  of  wave- 
length. Waves  which  produce  the  sensation  of  red,  and 
which  we  often  call  red  waves,  are  longer  than  the  so-called 
blue  waves,  which  produce  the  sensation  of  blue.  One  tint 
of  red  has  a  wave-length  of  one  thirty-thousandth  part  of 
an  inch.  One  tint  of  blue  has  a  wave-length  of  one  fifty- 
five-thousandth  of  an  inch. 

115.  Light  Travels  in  Straight  Lines.* — ^When  direct 
sunlight  enters  a  darkened  room  through  a  small  hole,  one 
can  usually  trace  its  course  and  boundary  in  the  room  b)' 
means  of  the  air-borne  dust  particles  which  are  lighted  up 
by  it.  It  is  easy  to  see  that  the  boundary,  the  side,  of  the 
beam  of  light  is  straight.  This  is  one  of  the  familiar  facts 
which  show  that  light  travels  in  straight  lines.  Practical 
applications  of  this  property  of  light  are  found  in  the  prac- 
tice of  sighting  rifles,  cannon,  and  other  firearms;  in  the 
method  of  glancing  along  the  edge  of  a  board,  which  the 
carpenter  adopts  to  see  whether  it  is  straight;  and  in  the 
various  surveying  operations,  in  which  points  are  located 

*  This  statement  holds  good  only  in  cases  in  which  the  light 
travels  in  a  medium  or  substance  of  uniform  composition  through- 
out. Even  under  such  circumstances  there  are  certain  exceptions 
to  the  general  rule  of  rectilinear  propagation.  These  occur  where 
light  passes  close  by  the  edges  of  objects,  but  the  effects  produced, 
although  very  interesting  and  beautiful,  are  not  sufficiently  promi- 
nent to  make  their  study  in  this  book  necessary  or  desirable. 
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by  sighting  with  the  unassisted  eye,  or  by  means  of  fine 
slits  in  metal  plates,  or  by  the  aid  of  small  telescopes. 

116.  Light  "Pencils  and  Rays." — If  a  beam  of  light  is 
slender,  it  is  a  'pencil  of  light.  If  the  pencil  is  very  slender 
indeed,  it  is  called  a  ray  of  light,  and  is  represented  in 
drawings  by  a  single  line. 

1 17.  Camera  Obscura. — ^This  name  means  dark  chamber. 

EXPERIMENT. 

Push  the  small  tube  of  No.  XXIV,  closed  end  foremost,  into  the 
larger,  and  then,  pointing  the  apparatus  toward  a  window,  look  into 
the  smaller  tube  and  move  it  back  and  forth  in  the  other  till  the  best 
image  of  the  window  or  of  objects  outside  is  obtained. 

It  is  evident  at  once  that  the  image  is  upside  down;  that 
is,  that  the  bottom  of  the  image  represents  the  top  of  the 
object.  This  is  due  to  the  fact  that  the  light-rays,  coming 
from  the  object  and  traversing  the  very  small  aperture  in 
the  end  of  the  tube,  cross  each  other  in  their  passage,  as  in 
Fig.  88,  where  the  object  is  represented  by  the  arrow  AB, 


Fig.  88. 


For  instance,  the  cone  of  rays  AA^  from  the  tip  of  the  arrow 
and  the  cone  of  rays  BB^  from  the  other  end,  cross  at  mn, 
and  appear  in  the  image  at  the  spots  A^  and  B'  respectively. 


i4«  n 

If  tbe  ap«ture  mn  vetv 
A'  sod  £',  illuminated  from  A  and  i 
grow  larger  and  iMger.  The  same 
epots  illumiiuvted  from  other  points 
last  the  growing  spots  would  so  overt: 
image  would  be  lost  in  a  mere  Uur 

1 18.  Shadows. — From   the   fact 
straight  lines,  it  is  easy  to  see  that 
portion  of  the  space  behind  any  illi 
just  as  waves  of  water  are  cut  off 
a  r^on  of  calm  water  behind  it. 
in  which  the  light-giving  object  is 


Ligbl  a  bat-wing  gas-jet  or  a  kerosene  li 
fliune,  and  east  the  shadow  of  a  lead-pencil,  t 
of  whitt  paper,  having  first  the  edge  and  ll 
flame  toward  the  pencil.     Not*  the  great  diS 
ness  of  outline  in  the  t 

115.  Umbra. — A  shadow  with  a  perfee 
could  only  be  obtained  by  using  as  the  8 


mere  point.    To  illustrate  what  would  be  the  resig 
could  be  done,  the  student  should  examine  Fig,  i 
Of  the  light-rays  proceeding  from  the  point.  '\ 
ctilar  opaque  object  OY  intercepts  all  whii 
face,  thus  forming  a  shadow  whose  shapt 
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frustum  of  a  cone,  OSTV*  The  black  space  ST  in  the 
screen  is  not  the  whole  shadow,  but  a  section  of  the  entire 
shadow  OSTV.  A  perfect  shadow  like  tiiis,  equally  dark 
at  all  points,  is  called  an  umbra. 

120.  Penumbra. — Suppose  now  that  the  source  of  Ught  is 
of  appreciable  size — a  candle-flame,  for  example — then  the 
opaque  object  0  cuts  off  all  illumination  from  some  portions 
of  the  screen,  and  from  other  portions  cuts  off  only  a 
part  of  the  light,  as  in  Fig.  90. 

That  part  of  the  screen  which  receives  light  from  part  of 
the  flame  AB,  but  not  from  all  of  it,  will  appear  a  partially 


shaded  ring,  P'S'SP,  around  the  central  area  of  total 
shadow.  This  ring  forms  what  is  known  as  the  ■penumbra 
(from  two  Latin  words  meaning  almost  and  shadow). 

On  account  of  the  comparatively  large  size  of  most 
sources  of  light  most  shadows  are  surrounded  by  a  wide 
margin  of  penumbra.  The  student  will  find  the  best 
fxamples  of  clear-cut  shadows  in  those  east  upon  near  sur- 
faces by  opaque  bodies  exposed  to  electric  are-hghts,  and 
he  may  compare  the  dim  and  indistinct  shadows  of  the 
leaves  of  shade-trees  exposed  to  the  sun  with  those  cast 
by  the  same  objects  exposed  to  the  electric  fight  at  night, 

*  That  IB,  B,  cone  with  its  top  sliced  oS  by  a  eeclioa  parallel  to  the 
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in  which  even  the  serrated  margins  of  the  leaves  are  some- 
times clearly  outlined. 

121.  How  Light  Weakens  with  Distance:  Law  of  In- 
verse Square. — If  two  equally  large  surfaces  are  turned 
toward  a  very  small  flame,  distant  1  ft.  from  one  and  2  ft. 
from  the  other,  the  nearer  surface  will  receive  very  nearly 
four  times  as  much  light  from  the  flame  as  the  more  dis- 
tant surface.  It  is  easy  to  prove  that  this  is  true  if  light 
travels  in  straight  lines  diverging  from  a  point  (see 
§  327). 

If  one  surface  is  three  tiraes  as  far  away  as  the  other  it 
will  receive  only  one  ninth  as  much  light  as  the  nearer 
one,  and  so  on. 

The  law,  which  holds  when  the  diameter  of  the  light- 
giving  spot  is  very  small  compared  with  the  distance  from 
it  to  the  receiving  surface,  may  be  stated  thus:  The 
amount  of  light  received  on  a  surface  of  given  area  from  a 
given  source  of  light  is,  other  things  being  equal,  inversely 
proportional  to  the  square  of  the  distance  from  the  source  to 
the  surface. 

This  is  called  the  law  of  inverse  square. 

It  follows  from  this  law  that  if  a  lamp  L  sends  to  a  given 
surface  at  a  distance  D  just  as  much  light  as  another  lamp 
U  sends  to  the  same  surface  at  a  distance  D',  the  light- 
giving  powers  of  the  two  lamps,  which  powers  we  will  call 
P  and  P',  must  be  such  that 

P:P'::D^:  D'\ 

Illustration. 

A  candle-flame  30  cm.  from  a  white  card  and  an  incandescent  elec- 
tric lamp  120  cm.  from  the  same  card  light  it  up  equally.  What  is 
the  relative  power  of  the  two  sources? 

Pi  (for  the  lamp)  :  Pc  (for  the  candle)  ::  120'  :  30» 

Hence  Pi=Pc.Xl6. 
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122.  Photometry;     Bimsen's    Photometer.— It    is    a 

matter  of  great  practical  importance  to  compare  the  illumi- 
nating power  of  different  lamps.  This  operation  is  called 
photometry,  or  ligkt-measnTement.  It  cannot  be  done  by 
merely  observing  the  lamps  directly,  for  the  eye  is  unable 
in  this  way  to  diatinguish  slight  differenrea  of  power,  and 
if  the  lights  are  of  somewhat  different  colors  the  unaided 
eye  gives  only  the  vaguest  indications  in  regard  to  their 
comparative  efficiency. 

The  form  of  photometer  devised  by  the  German  chemist 
and  physicist  Bunaen  makes  use  of  a  translucent  spot, 
a  grease  spot  or  a  paraffined  spot,  in  a  screen  of  white 
paper.  This  screen  is  placed  between  the  two  lamps 
■which  are  to  be  compared  and  then  moved  back  and 
forth  until  a  position  is  found  in  which  the  spot  looks 
neither  brighter  nor  darker  than  the  rest  of  the  screen. 
In  this  position  the  screen  receives  equal  illumination 
from  the  two  lamps.  No  light  from  other  sources  should 
be  allowed  to  reach  the  screen. 

123.  Rumford's  Photometer.— One  of  the  simplest  de- 
vices for  measuring  the  relative  power  of  two  sources  of 
light  is  Rumford's  photometer,  which  compares  the  shadows 
cast  by  a  rod  placed  in  front  of  them. 

EXERCISE  30  (16  in  old  list). 
USE  OF  RUMFORD  PHOTOMETER. 
Apparatus:  Two  small  kerosene  lamps  like  No.  33.  A  cardboard 
screen  and  its  support  (No.  33  and  No.  21).  Any  opaque  rod  about 
1  cm.  in  diameter  and  10  or  15  cm.  tall,  supported  upright;  e.g.,  No. 
13  standing  in  a.  hole  bored  in  a  small  block,  or  a  Bunaen  burner.  A 
meter  rod. 

The  object  of  the  experiments  will  be  to  find  whether  a  flame  sends 
wore  or  less  light  from  its  broad-side  than  from  its  edge,  and,  if  ho, 
how  much.  The  flame  should  be  made  as  large  as  it  can  well  be 
without  smoking. 


i 
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> 
The  apparatus  should  be  arranged  as  in  Fig.  91.  1 

L  is  one  of  the  lamps  to  be  compared,  and  L'  the  other;  £  1il0  ^ 
rod,  AB  the  screen,  and  Sl  and  Sl^  the  shadows.  The  lamps  should  p 
be  so  arranged  that  lines  drawn  from  their  centres  to  the  centre  <rfB 
will  make  nearly  equal  angles  at  R  with  the  line  CD,  drawn  at  t^ 
angles  to  the  screen  through  the  centre  of  R,  and  on  this  line  CD 
the  observer  should  be  placed.  The  shadows  should  be  neareack 
other,  but  must  not  overlap. 

It  is  plain  that  the  shadow  corresponding  to  L  is  iUiuninated  l^ 
light  from  U,  and  that  the  one  corresponding  to  L'  is  illumiiiated  ; 
by  light  from  L, 

Place  the  lamps  equidistant  from  the  rod,  and,  shielding  the  e^ 
from  the  direct  light  of  the  flames,  adjust  the  flames,  turned  edgft- 
wise  to  the  rod,  until  the  shadows  are  of  equal  darkness. 

Then  turn  one  of  the  lamps  about  in  place  imtil  its  flame  is  fla*r 
wise  to  the  rod,  and  compare  the  shadows  again,  fixing  the  attente 
upon  the  middle  of  the  more  blurred  one.  If  the  shadows  still  appeal 
to  be  of  equal  darkness,  record  the  fact.     If  they  do  not,  move  ODtd 
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the  lamps  toward  or  from  the  rod  until  the  shadows  appear  eqiuUy 
dark,  and  then  record  the  distance  of  each  flame  from  the  eorr^ 
sponding  shadow. 

Try  each  lamp  in  turn  flatwise,  the  other  being  edgewise.  Be- 
tween the  trials  test  the  flames  again  in  their  original  position,  to 
make  siu-e  that  they  are  still  equal. 

If,  on  the  whole,  it  appears  that  one  aspect  of  the  flame,  broad- 
side or  edge,  is  more  effective  than  the  other,  estimate  the  relative 
light-giving  power  of  the  two  aspects  from  the  measured  tliiitiuiiffi^ 
making  use  of  the  law  of  inverse  square. 
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124.  Effect  on  Light  of  the  Body  on  which  it  Falls. — 
When  light-rays  meet  the  surface  of  a  body  they  may  be: 

o.  Regularly  reflected :  that  is,  sent  off  from  the  surface 
in  a  direction  which  can  be  calculated  or  foretold,  if  we 
know  the  direction  in  which  they  are  to  strike  the  surface, 
as  sunlight  is  reflected  by  a  mirror. 

h.  Irregularly  reflected  or  scattered:  that  is,  sent  back 
or  off  from  the  surface  in  many  different  directions,  as 
sunlight  is  sent  back  from  the  surface  of  white  cloth  or 
white  paper. 

c.  Transmitted :  that  is,  allowed  to  pass  through  as  sun- 
hght  through  clear  window-glass. 

d.  Absorbed :  that  is,  neither  reflected  nor  transmitted, 
but  swallowed  up,  as  sunlight  by  a  lampblack  surface 
upon  which  it  falls. 

It  usually  happens  that  more  than  one  of  these  effects 
is  produced  by  the  same  body  at  the  same  time. 

125.  Visibility  of  Objects.* — ^Very  few  of  the  objects  we 
see  shine  by  their  own  Hght,  as  we  can  tell  by  testing  them 
in  the  dark.  They  merely  give  off  the  Hght,  or  some  part 
of  the  Hght,  which  has  fallen  upon  them,  directly  or  in- 
directly, from  the  sun,  or  from  some  other  Hght-giving  body. 

126.  Colors  of  Transparent  Bodies. — Colored  pieces  of 
glass,  colored  liquids,  and  other  transparent  bodies  gen- 
erally, owe  their  color  to  the  fact  that  they  are  not  trans- 
parent to  all  kinds  of  light.  The  light  which  enters  them, 
sunhght,  for  example,  usually  consists  of  many  different 
colors  blended  together;  and  they  rob  this  light  of  those 
colors*  which  suit  their  own  constitution,  transmitting  the 
rest.     It  is  the  transmitted,  the  rejected,  light  which  wf^ 

♦  For  much  interesting  and  valuable  matter  upon  this  subject  se* 
Rood's  Text^baok  of  Colcr,  Appleton  &  Co. 
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get  from  them  that  gives  them  their  apparent  color.   The.] 
light  which  they  absorb  is  turned  to  something  else  in  4$ 
absorption,  and  is  no  longer  light.    It  is  usually  tinned 
into  heat. 

127,  Colors  of  Opaque  Bodies. — ^Most  bodies  with  wHA 
we  are  familiar  do  not  appear  to  transmit  light.  We  cannot 
see  through  them,  and  we  call  them  opaque  bodies. 

In  fact,  most  so-called  opaque  bodies  are  not  perfect  j 
so.  If  they  are  made  into  very  thin  sheets,  the  sun  can] 
shine  faintly  through  them.  Even  when  they  are  in 
thick  masses,  the  light  penetrates  a  very  little  distaniJB 
beneath  the  surface,  where  some  of  it  is  absorbed,  and 
some,  being  reflected  by  interior  particles,  returns  to  the 
outside.  This  returning  light  is  usually  different  in  color 
from  the  mixture  of  lights  that  entered,  certain  parts 
having  been  absorbed  more  than  others. 

128.  Light  from  Surface  of  Colored  Bodies. — ^Theli^t 
reflected  from  the  real  external  surface  of  non-metallic 
colored  bodies  receiving  white  light  is  usually  not  colored* 
The  following  experiment  shows  an  illustration  of  this  fact: 

EXPERIMENT. 

Let  a  beam  of  direct  sunlight,  entering  a  window,  fall  v&J 
obliquely  upon  a  sheet  of  colored  glass  in  such  a  way  that  the  w*  ( 
fleeted  beam  will  fall  upon  a  white  surface.     Observe  the  cote 
of  the  reflected  light. 

Certain  materials — silks,  for  example — ^may  reflect  wbite 
light  from  the  outer  surface,  together  with  considerable 
colored  light  that  has  penetrated  this  surface  and  has  been 
sent  back  from  the  interior.  The  white  light  gives  the 
sheen,  but  in  the  spots  where  this  is  strong  the  color  is  not 
at  the  same  time  very  evident,  being  made  to  look  pakligr 
the  large  amount  of  white  light  mixed  with  it. 
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The  following  experiment  will  show  how  the  color  coming 
from  an  object  may  be  deepened  by  diminishing  the  amomit 
of  white  light  reflected  from  the  external  surfaces  of  its 
nimierous  particles. 

EXPERIMENT. 

Grind  a  lump  of  sulphate  of  copper  to  a  fine  powder  and  observe 
how  faint  the  blue  color  becomes;  then  wet  the  powder  with  water, 
which  adds  nothing,  but  prevents  some  of  the  external  reflection, 
and  note  the  decided  deepening  of  the  blue. 

In  velvet  the  ends  of  the  fibres,  which  reflect  but  little 
white  light,  are  turned  outward,  and  the  light  which  pene- 
trates the  surface  and  then  returns  to  the  outside  is  deeply 
colored. 


CHAPTER  XI. 

REGULAR  REFLECTION  OF  LIGHT. 

129.  Reflectors. — Smooth,  even,  surfaces,  like  the  bop- 
f  ace  of  still  water,  polished  glass,  or  polished  metal;  lefleet 
light  regularly  (§  124). 

Transparent  reflectors  are  not  convenient  for  ordinaiy 
use,  partly  because  light  which  we  do  not  want  may  oome 
through  them  from  behind,  partly  because  they  redeet 
really  well  only  such  light  as  falls  upon  them  very  obliquely; 

EXPERIMENT. 

Let  Mj  Fig.  92,  be  a  piece  of  clear  window-glass,  L  a  lamp,  sndM 
the  position  of  the  observer's  eye.     The  rays  LM  and  ME  mak0  ft  . 

W ^ 


large  angle  with  the  line  MN,  which  is  the  normal  to  the  surface  of 
the  glass. 

Observe  the  comparative  brightness  of  the  flame  itself,  and  its 
picture  or  image,  seen  by  reflection  from  M.  Notice  with  what 
degree  of  clearness  objects  back  of  M,  as,  for  instance,  points  on  the 
wall  WWy  can  be  seen  through  M  in  the  direction  EM, 

Gradually  move  the  lamp  and  the  eye  toward  the  point  N,  until  at 
last  both  lamp  and  eye  are  as  nearly  as  possible  on  the  line  NM» 
While  making  these  changes  of  position  observe  any  resulting 
changes  in  the  biilliancy  of  the  image  of  L,  and  in  the  deainHB 
with  which  objects  on  the  line  WW^  are  seen  through  the  ^asB. 

IfiO 
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Draw  a  straight  pencil-mark  across  the  sheet  of  paper  at  its  mid- 
dle, and  set  the  back  surface  of  the  mirror  directly  o^-er  and  pandU 
to  this  line,  the  middle  of  the  mirror  being  \-ery  near  tbe  centie  of 
the  sheet.     See  Fig.  95. 

Draw  on  the  sheet  of  paper  in  front  of  the  mirror  a  trian^,  etA 
side  of  which  shall  be  several  inches  long,  and  tko  comer  of  which 

shall  be  less  than  three  inches  from  the  mir- 
ror. It  is  well  to  have  one  angle  of  the 
triangle  not  directly  in  front  €ji  ihe  minv, 
but  somewhat  to  one  side,  like  point  Xa  1 
in  the  figure. 

Place  the  small  block  in  such  a  position 
that  the  vertical  pencil-mark  which  itbein 
shall  be  directly  over  point  Xo.  1  of  the  toi- 
angle.  Then  lay  a  straight-edged  mkr 
(Fig.  96)  upon  the  paper  in  such  a  position 
that  one  of  its  long  horizontal  edges,  PQ, 
shall  point  directly  toward  the  image  of 
the  vertical  pencil-mark,  as  seen  in  the 
mirror.*  The  ruler  should  be  so  pheed 
that  the  line  of  sight  will  strike  near  one 
end  of  the  face  of  the  mirror.  Then  with 
a  well-sharpened  pencil  draw  upon  the  paper  a  fine  clear  marit 
alongside  that  edge  of  the  ruler  wnich  lies  just  beneath  the  line 
PQ  (Fig.  96),  along  which  the  signi  has  been  taken.  Mark  this 
line  1,  because  it  points  toward  tne  image  of  the  vertical  pendl" 
mark  when  this  mark  is  over  point  So.  1.        ^ 

Next,  without  disturbing  anything  else,    '^^r— 
place  the  ruler  in  a  new  position,  far  removed 
sidewise   from  the  position  just  occupied, 
sight  as  before,  draw  another  line  alongside  the  ruler,  and  maik 
this  line  also  1. 

Then  with  the  ruler  in  a  new  position,  about  half-way  between 

*  Many  persons  cannot  do  this  at  first  unless  they  are  especially 
instruct^  A  person  who  b  not  near-sighted  should  hold  ids  <J« 
eight  or  ten  inches  distant  from  P,  and  should  then  direct  tJie  rufa 
in  such  a  way  that  the  point  P,  the  point  Q,  and  the  image  of  the 
vertical  pencil-mark  seen  in  the  mirror,  shall  all  lie  in  one  stnish^ 
line.  Do  not  try  to  look  along  the  vertical  side  of  the  ruler,  buftlvvd 
the  eye  high  enough  to  see  all  the  time  the  top  of  tJie  rulo; 


Fig.  95. 
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the  first  two,  if  this  is  conYenient,  draw  a  third  line  in  tlie  same 
way,  and  mark  this  also  1. 

All  this  time  the  small  block  has  remained  mmioved,  and  the 
pencil-mark  upon  it  has  pointed  straight  down  at  point  Xo.  1. 

Now  place  the  small  block  so  that  the  pencil- marie  shall  point 
straight  down  at  point  No.  2.  While  it  is  in  this  position  draw 
three  straight  lines  toward  the  image,  and  mark  each  one  of  these  2. 

Finally,  put  the  pencil-mark  over  point  No.  3,  draw  three  straight 
lines  toward  its  image,  and  mark  each  of  them  3.* 

When  the  three  sets  of  lines  have  been  drawn,  the  two  blocks  and 
the  mirror  are  removed  from  the  paper,  and  each  line  is  then  length- 
ened t  until  it  crosses  both  the  others  of  the  same  set ;  that  is,  each 
No.  1  line  is  continued  toward  or  beyond  the  mirror  till  it  crosses 
the  two  other  No.  1  lines.  Then  the  No.  2  set  and  the  No.  3  set  are 
treated  in  the  same  way. 

After  each  set  of  lines  has  been  extended  in  this  way,  it  will  be  in 
order  to  answer  the  question  whether  all  the  lines  of  any  one  set 
lead  to  the  same  point  or  nearly  so,  and,  if  so,  where  is  this  point 
situated  with  respect  to  the  mirror  and  to  the  point  whose  image  it  is. 

If  the  image  of  each  point,  No.  1,  No.  2,  and  No.  3,  can  be  thus 
found,  connect  the  image-pointe  with  each  other  by  straight  lines, 
and  thus  make  an  image-^rian^Ze. 

*  While  drawing  all  these  lines  the  experimenter  should  look  fre- 
quently to  see  whether  the  back  of  the  mirror  remains  in  place.  It 
may  be  thrown  out  of  place  by  a  little  blow  or  by  rubbing  the  paper 
hard  to  remove  pencil-marks. 

t  If  a  line  has  to  be  extended  far  it  is  well  to  use  two  rulers,  A 
and  B,  as  shown  in  Fig.  97.     First  A  is  put  into  position  and  a  line 
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is  drawn  alongside  it.  Then,  while  A  remains  unmoved,  B  is  care- 
fully brought  close  to  it,  as  the  figure  shows ;  then  B  is  held  firmly 
in  place  while  A  is  pushed  forward  to  the  position  indicated  by  the 
dotted  lines.  B  is  then  removed  without  disturbing  i4,  and  again  a 
line  is  drawn  alongside  A.  In  this  way  a  line  may  be  continued 
nearly  straight  for  a  considerable  distance. 
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Then  fold  the  sheet  of  paper  carefully  along  the  pendl-mark  by 
which  the  mirror  was  placed,  and  holding  the  folded  sheet  agamrt 
a  window,  so  that  the  light  from  without  will  shine  throu^  it, 
compare  the  size  and  shape  of  the  two  triangles  and  their  relative 
positions  with  respect  to  the  line  along  which  the  paper  is  folded. 

The  general  rule  for  placing  the  image  of  any  point  should  be 
^ .^  recorded  when  it  is  found. 

llie  final  result  aimed  at  in  this 
Exercise  should  be  to  enable  the 
student  to  tell,  without  further  ex- 
periment, in  any  new  case  given 
him  (Fig,  98,  for  instance,  in  irbidi 
AB  \s  the  line  upon  which  the 
mirror  stands),  the  portion  of  the 
image  of  points  No.  1,  No  2,  No.  3, 
and  No.  4,  and  so  the  shape  and 
position  of  the  image  of  the  figare 


FiQ.  98. 


at  the  comers  of  which  these  points  lie. 


131.  The  Law  of  Reflection,— In  Fig.  99,  MM  is  a 


mirror  surface,  CD  a  normal  to  this  surface,  OC  a  ray  tti- 
cident  at  the  point  C,  and  CP  the  same  ray  after  reflection. 
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The  angle  i  is  called  the  angle  of  incidence. 
The  angle  r  is  called  the  angle  of  reflection. 

The  "law  of  reflection"  is,  that  the  angle  of  reflection 
is  equal  to  the  angle  of  incidence. 

This  law  is  easily  proved  on  the  basis  of  what  we  have 
learned  in  the  preceding  exercise.  The  line  of  proof  is 
this:  The  image  of  0  is  at  I.  The  angles  at  E  are  right 
angles;  EI=EO;  EC  is  common  to  the  two  triangles;  hence 
the  triangle  CEI  is  similar  to  the  triangle  CEO.  Then 
angle  i=angle  EOC=angle  EIC=angle  r. 

132.  Real  and  Unreal  Images. — If  the  rays  of  light  pro- 
ceeding from  a  point  are  by  any  means  really  brought 
together  again  at  a  different  point,  as  in  Fig.  109,  then  the 
second  point  is  called  a  real  image  of  the  first.  A  real 
image  has  an  actual  existence  in  space,  and  will  show  as 
a  picture  upon  a  properly  placed  white  screen. 
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If  the  rays  of  light  proceeding  from  a  point  are  by  any 
means  made  falsely  to  appear  to  diverge  from  a  different 
point,  as  in  Fig.  100,  then  the  second  point  is  called  an 
unreal,  or  virtual,  image  of  the  first.    A  virtual  image  h^' 
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no  real  existence  in  space,  and  would  not  show  upon  a 
screen  placed  where  it  appears  to  be. 

Evidently  the  image  formed  by  a  plane  mirror  is  an  un- 
real image. 

133.  Images  of  Images. — If  any  of  the  rays  from  0 
(Fig.  101)  after  reflection  from  the  mirror  A  fall  upon  a 
second  plane  mirror  5,  they  will  be  treated  by  this  second 
mirror  just  as  if  they  really  came  from  I^;  that  is,  we  shall, 
looking  into  the  mirror  B  in  the  right  direction,  see  an 
image  of  the  image  I^,  and  this  second  image,  I2,  will  appear 


''I 
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just  as  if  it  were  the  image  of  an  actual  object  sending 
rays  from  /j. 

The  rays  reflected  first  from  A  and  next  from  B  might 
then  fall  upon  a  third  mirror,  and  give  an  image  of  the 
image  /j,  and  so  on;  but  at  each  reflection  there  is  some 
loss  of  light,  and  an  image  formed  after  many  reflections 
might  be  dim. 
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134.  Positions  of  the  Various  Images. — Let  A  and  B  in 
I'ig.  102  represent  the  positions  of  ^ 

two  plane  mirrors  meeting  at  right 
angles  with  each  other  at  the 
point  C  Let  0  be  a  small  object 
placed  between  the  mirror  faces. 
We  shall  have  one  image,  I^ 
formed  by  mirror  A  without  any 
help  from  mirror  B,  and  another, 


IQ 


27 


formed  by  B  without  help  from 


Fig.  102. 


-4.    There  is  also  /g,  the  image  of  /„ 

Seen  in  B,  and  there  is  /<,  the  image  of  /j,  seen  in  A.    /g 

and  I^  fall  at  the  same  spot. 

We  cannot  with  this  arrangement  of  the  mirrors  get 
images  of  /g  and  I^y  because  rays  leaving  mirror  A  as  if 
diverging  from  I^  would  not  strike  the  face  of  J5,  and  rays 
leaving  mirror  B  as  if  diverging  from  /g  would  not  strike 
the  face  of  A. 

Observe  that  0  and  its  images  fill  the  comers  of  a  rect- 
angle. If  0  were  midway  between  the  mirrors,  the 
rectangle  would  be  a  square,  with  C  at  its  centre. 

If  the  angle  between  the  mirrors  were  made  a  bit  less 
than  90°,  /g  and  ^  would  fall  apart.  If  the  angle  were 
made  60°,  one-sixth  of  a  circle,  0  lying  half-way  between 
them,  O  and  its  images  would  fill  the  corners  of  a  regular 
hexagon  having  C  at  the  centre. 

If  the  angle  were  30°,  one-twelfth  of  a  circle,  0  and  its 
images  would  fill  the  corners  of  a  twelve-sided  figure. 


QUESTION. 

Does  the  fact  that  the  images  I^  and  I^  (Fig.  102)  fall  at  the  same 
spot  tend  to  make  the  image  seen  at  that  spot  brighter  than  the 
Images  /i  and  I%t 
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of  No.  XXV  upon  the  Ixiard,  with  the 
re/le-cl  ing  surf  noes  making  an  angle  of  90°, 
the  point  1,  Fig.  103,  being  midway  be- 
tween thorn.  Place  a  lighted  candle,  of 
such  length  that  its  flame  will  not  i/e 
above  the  upper  edge  of  the  mirrore,  ei- 
actly  over  the  spot  1. 

Note  the  poaitJona  of  the  imagea  of  tht 
candle  seen  in  the  mirrors.  Put  pegs  into 
the  holes  behind  the  mirrora  in  such  pD»- 
tiona  that  to  an  observer  placed  in  front 


of  the  n 


e  the  images  in 
9,  the  pegs  will  appear  to 


the  mirrora  and  the  pegs  over  t 
coincide  with  the  images. 

Then  make  the  angle  between  the  mirrors  60"  and  place  pegs  to 
coincide  with  the  images. 

Finally,  try  an  angle  of  30°. 

135.  The  Kaleidoscope. — ^The  preceding  passages  gve 
an  explanation  of  the  kaleidoscope,  No.  XXVI,  with  whidi 
must  beautiful  effects  of  endless  variety  can  be  obtmned. 
The  kaleidoscope  uses  bits  of  colored  glass  instead  of  a 
candle-flame,  and  aometimea  has  tkree  mirrors  put  to- 
gether at  angles  of  60°, 

QUESTIOnS  AND  PROBLEMS. 

(1)  In  a  lighted  room  at  night  the  glass  of  a  window  will  serve  m 
a  mirror.  In  daylight  unsilvered  glass  with  a  black  cloth  behind 
it  may  be  used  in  the  same  way.     Can  you  explain  this? 

(2)  Soon  after  the  moons  of  Mara  were  discovered  in  1877  aoroe  one 
announced  in  a  newspaper  that  one  of  these  moons  could  be  seen  afit 
Mars  by  looking  at  the  reflection  of  that  planet  in  a  common  mirror. 
It  is  true  that  a  faint  bright  epeck  appeared  near  the  image  of  Msis 
as  thus  seen,  which  did  not  appear  when  the  planet  was  looked  at 
directly,  but  the  true  moons  could  be  seen  only  by  the  tdd  ot  powe^ 
ful  telescopes.  Can  you,  after  trying  the  experiment  with  aoy 
bright  star,  explain  the  appearance  seen  in  the  mirror? 

(3)  Writ*  some  short  word  as  it  would  appear  in  a  mirror  if  tiie 
printed  page  containing  it  were  refiectcd  in  the  mirror. 
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(4)  A  person  standing  in  the  middle  of  a  room  20  ft.  wide  looks 
with  one  eye  into  a  mirror  2  ft.  square  set  in  the  wall  of  one  side  of 
the  room.  How  many  square  feet  of  the  wall  behind  himself  could 
he  see  reflected  in  the  mirror  if  his  own  image  did  not  obstruct  the 
view? 

{Suggestion:  Draw  a  diagram  representing  the  position  of  the  ob- 
server, the  mirror,  the  reflected  wall  and  its  image,  all  on  a  horizon- 
tal plane.) 

(5)  A  candle-flame  is  placed  half-way  between  two  plane  mirrors 
which  meet  at  an  angle  of  40**.  How  many  images  appear,  and  how 
are  they  arranged? 

Reflection  from  Curved  Mirrors. 

136.  Spherical  and  Cylindrical. — ^Most  curved  mirrors 
are  parts  of  spherical  surfaces.  We  shall,  however,  study 
mirrors  which  are  parts  of  cylinders.  They  are  more  con- 
venient for  use  than  spherical  mirrors,  and  they  are  less 
expensive. 

We  shall  use  both  the  convex,  or  bulging,  and  the  con- 
cave, or  hollowed,  face  of  the  mirror. 

137.  Centre  of  Curvature,  etc. — MM  Fig.  104,  repre- 
sents a  cut  through  a  cylindrical  mirror 

at  right  angles  with  the  straight  lines 
of  its  surface.  This  cut  is  of  course  a 
part  of  a  circle. 

C,  the  centre  of  the  circle,  is  called 
the  centre  of  curvature  of  the  mirror. 

The  point  0  is  called  the  centre  of  the 
mirror. 

The  line  CO,  extended  to  any  dis- 
tance in  either  direction,  is  called  the 
principal  axis  of  the  mirror. 

Any  straight  line  extending,  like  CR,  through  C 
across  the  line  MM,  but  not  through  the  point  0,  is  c 
a  secondary  axis  of  the  mirror. 


Fia.  104. 
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EXERCISE  33  (i8  in  old  list). 
IMAGES  FORMED  BY  A  CONVEX  CYLINDRICAL  MIRROR. 

Apparatus:  The  mirror  (No.  27).  A  measuring-stick  (No.  3). 
Small  block  (No.  25).  A  ruler  (No.  24a  or  b).  Sheet  of  white 
paper.     The  plane  mirror  (No.  23)  and  its  supporting  block  (No.  9). 

Hold  the  mirror  with  its  straight  edges  vertical,  and  look  at  the 
image  of  your  own  face  in  the  convex  surface.  You  will  see.  that  the 
image  is  distorted,  appearing  too  narrow  for  its  length.  Hold  the 
mirror  with  its  straight  edges  horizontal,  and  the  image  will  be  dis- 
torted in  the  opposite  way,  appearing  too  wide  for  its  length.  The 
object  of  the  following  experiments  is  to  give  a  better  understanding 
of  these  curious  effects. 

Set  the  mirror  on  the  table  and  bring  one  end  of  the  plane  mirror 
close  to  the  surface  of  the  curved  mirror,  as  in  Fig.  105.  Then  place 
the  small  block  in  front  of  both  mirrors,  as  in  Fig.  105,  in  such  a 


Fig.  105. 


position  that  you  can  see  the  block  reflected  in  both  mirrors  at  the 
same  time. 

Do  the  two  images  thus  seen  appear  to  be  of  the  same  height? 

Do  they  appear  to  be  of  the  same  width? 

Fill  out,  if  you  can,  the  following  statement :  Lines  of  the  object 
which  are  parallel  to  the  straight  lines  of  the  cylindrical  mirror  appear 

{longer?  shorter?  of  same  length?)  in  the  cylindrical  mirror. 

in  the  plane  mirror. 

Lines  of  the  object  which  are  at  right  angles  with  the  straight  Ums 
of  the  cylindrical  mirror  appear  {longer?  shorter?  of  sams  lengthf) 
in  the  cylindrical  mirror in  the  plane  mirror. 
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Remove  the  plane  mirror.  On  the  sheet  of  paper  should  be  found 
four  points  previously  marked,  with  stencil  or  other  convenient 
instrument  (see  apparatus  No.  27  a),  one  to  fix  the  centre  of  curva- 
tiu^  of  the  convex  mirror,  C  in  Fig.  106,  the  three  others  to  fix  the 
position  of  the  convex  surface. 

PlEice  the  mirror  carefully  by  means  of  the 
three  points  just  mentioned  and  then,  hold- 
ing it  firmly  in  position,  make  a  fine,  clear, 
pencil-mark  on  the  paper  along  the  outer 
curve. 

About  5  cm.  from  the  front  of  the  mirror 
draw  an  arrow  6  cm.  long,  marking  the  ends 
and  the  middle  as  in  Fig.  106,  and  through 
each  of  these  three  points  draw  a  straight 
line  from  C  Then  place  the  small  block  so 
that  the  vertical  pencil-mark  which  it  carries 
will  point  straight  down  at  point  No.  1. 

With  the  straight-edged  ruler  draw  two 
lines,  well  apart,  toward  the  image  of  this  vertical  line  as  seen  in  the 
mirror,  using  only  such  parts  of  the  mirror  as  lie  not  more  than  0.7 
cm.  to  the  right  or  the  left  from  the  line  C-1.  Mark  each  of  these 
lines  1.  Then  draw  two  lines  for  point  No.  2  and  two  for  point  No. 
3  in  the  same  way,  using  in  each  case  only  a  narrow  strip  of  the 
mirror  on  either  side  of  the  radial  line  through  the  object-point 
in  use. 

Then  clear  the  paper  and  prolong  each  pair  of  lines  till  it  comes  to 
a  crossing-point.  The  three  points  thus  f  oimd  will  locate  the  images 
of  object-points  No.  1,  No.  2,  and  No.  3,  respectively,  and  aline  con- 
necting these  three  image-points  will  give  an  idea  of  the  shape  of  the 
image-arrow,  whether  it  is  straight  or  not,  and  whether  its  curvature, 
if  it  has  any,  is  in  the  same  general  direction  as  the  curvature  of  the 
mirror  or  in  the  opposite  direction. 

Note  how  the  image  points  are  placed  with  respect  to  the  radial 
lines. 


Fig.  106. 


Is  the  image  longer  or  shorter  than  the  object?  Is  it  nearer  to, 
or  farther  from,  the  mirror  than  the  object  is? 

(It  must  be  understood  that  the  pupil  is  asked  these  questions  only 
in  regard  to  the  particular  case  that  he  has  tried.  He  cannot  tell 
without  further  experiments  or  further  instruction  whether  the  an- 
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awers  he  givea  in  thia  case  would  be  true  for  fdl  caees  of  objects 
reflected  in  niirrora  such  aa  he  is  using,  for  he  does  not  know  that  the 
distance  of  the  object  from  the  mirror  may  not  decide  all  these  ques- 
tions. The  fact  ia,  however,  that,  if  he  has  found  correct  answera  to 
the  questions  asked  for  his  one  case,  the  same  answers  will  be  tnie 
for  the  same  questions  in  all  cases  with  convex  cylindrical  mirrors. 
The  effects  seen  with  concave  mirrors  are  much  more  complicated.) 

138.  "  Law  of  Reflection"  StiU  Holds.— With  curved 
mirrors,  as  with  plane  mirrors,  the  law  (5  131)  angle  oj 
incide7ux= angle  of  reflection  holds.  With  the  help  of  this 
law  we  can  see  why  the  image  of  a  point  is  nearer  the 
mirror,  when  this  is  convex,  than  the  point  itself  is. 


Let  0  (Fig.  107)  be  the  object-point  in  front  of  the  con- 
vex mirror  MM,  the  centre  of  curvature  being  at  C,  A 
line  drawn  from  C  to  any  point  of  the  mirror  is  at  right 
angles  with  the  mirror  at  the  point  of  crossing.  Two  rays 
going  from  0  to  the  mirror-front  appear  after  reflection 
to  come  from  /,  which  is  nearer  the  mirror  than  0  is. 


13Q.  Principal  Focus  and  Focal  Length. — If  rays  come 
from  some  very  distant  point  on  the  principal  axis  (S  137), 
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they  are  practically  parallel  to  each  other  when  they  reach 
the  mirror.  Two  such  rays  are  represented  by  r^  and  r, 
in  Fig.  107.  Appljring  the  law  of  reflection  to  them,  we 
find  that  after  reflection  they  appear,  as  r/  and  r/,  to 
diverge  from  a  point  P,  which  is  very  nearly  midway  be- 
tween the  reflecting  surface  and  the  centre  of  cur\'ature. 

The  point  P  is  called  the  principal  focus  of  the  convex 
mirror.  It  may  be  defined  as  the  point  ivhich  marks  the 
image  of  an  object-point  sitvxited  a  long  distance  away  from 
the  mirror  on  the  principal  axis,  or  as  the  point  from  which 
rays  coming  to  the  mirror  parallel  to  the  principal  axis 
appear  to  diverge  after  reflection. 

The  distance,  measured  along  the  principal  axis,  from 
the  principal  focus  to  the  reflecting  face  is  called  the  focal 
length  of  the  mirror. 

The  principal  focus  and  the  focal  length  play  a  very  im- 
portant part  in  the  theory  of  curved  mirrors  and  of  lenses 
(§  159).     More  will  be  said  of  this  later.     See  §  147. 

140.  Concave  Mirrors. — If  the  concave  side  of  the  mirror 
were  used,  it  is  easy  to  see  from  Fig.  108  that  rays  from  a 
point  0  near  the  mirror-front  would  after  reflection  appear 
to  come  from  a  point  /,  which  is  farther  from  the  mirror 
than  0  is.  It  is  evident  that  the  rays  from  0  are  more 
nearly  parallel  to  each  other  after  reflection  than  before. 

Rays  from  a  point  0',  somewhat  farther  from  the  mirror 
than  0,  appear  after  reflection  to  come  from  a  still  more 
distant  point,  /',  and  these  rays  are  nearly  parallel  after 
reflection.  It  is  easy  to  see  that  if  the  object-point  were 
put  somewhat  farther  still  from  the  mirror,  the  rays  pro- 
ceeding from  it  might,  after  reflection,  be  strictly  parallel 
to  each  other.  They  would  appear  to  come  from  a  point 
as  far  as  possible  behind  the  mirror. 

If  the  objeet-point  is  placed  itill  farther  away  from  1 
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mirror,  as  at  0  in  Fig.  109,  the  rays  may  after  reflection  be 
actually  converging,  and  cross  at  a  point  /  in  front  of  the 
mirror.  This  image  /  is  a  real  image  (§  132),  and,  if  0  is 
bright  enough,  the  image  /  may  be  seen,  like  a  picture,  on 
a  piece  of  white  paper  or  cloth  placed  in  the  right  position. 


We  see  that  the  centre  of  curvature  C  lies  between  the 
object-point  0  and  the  image-point  /  in  the  case  shown  by 
Fig.  109.  This  is  always  so  in  the  case  of  red  images 
formed  by  concave  mirrors,  imless  the  object-point  is  at 
C,  in  which  case  the  image-point  also  falls  at  C. 

If  the  object-point  were  placed  where  /  now  is,  in  Fig. 
109,  the  image-point  would  fall  where  0  now  is. 

The  facts  here  brought  out  will  be  of  service  in  the 
following  Exercise,  which  without  this  preliminary  dis- 
cussion is  somewhat  puzzling. 
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EXERCISE  33  (19  in  old  list). 

IMAGES  FORMED  BY  A  CONCAVE  CYLINDRICAL  MIRROR. 

Apparatus:  The  same  as  in  the  preceding  Exercise,  and  in  addi- 
tion a  common  pin. 

On  the  paper  should  be  marked  *  in  advance  the  point  C,  Fig.  110, 
three  points  to  fix  position  of  concave  siu^ace  of 
mirror,  points  for  the  extremities  of  A,  B,  D, 
and  E.     With  the  help  of  these  points  complete 
the  figure  as  it  is  here  shown. 

Place  the  mirror  in  position  as  in  Fig.  110,  and, 
keeping  the  eye  about  20  cm.  from  it,  look  at  the 
images  of  A  and  B. 

Do  the  images  of  A  and  B  point  in  the  same 
general  direction,  from  left  to  right  in  the  figure, 
as  the  arrows  themselves  or  in  the  opposite 
direction? 

Are  the  images  of  A  and  B  as  thus  seen  longer 
or  shorter  than  A  and  J5? 

At  the  centre  of  A  stand  a  pin  upright,  and, 
as  in  previous  exercises,  draw  on  the  paper  two 
lines  to  locate  the  image,  using  only  a  narrow  strip  of  the  mirror, 
6  or  7  mm.,  on  either  side  of  the  radius  which  runs  through  the  pin. 
Is  the  image  thus  found  behind  the  mirror  or  in  front?    Is  it,  then, 
a  real  or  is  it  an  unreal  image? 

By  the  same  method  locate  the  image  of  the  pin  when  erected  at 
the  centre  of  B,  asking  and  answering  the  same  questions  that  were 
asked  when  the  pin  was  at  the  centre  of  .4. 

By  the  same  method  locate  the  image  of  each  end  of  D.  Is  the 
image  of  X>  as  thus  found  real  or  virtual?  Does  it  point  in  the  same 
direction  as  D,  or  in  the  opposite  direction?  Is  it  longer  or  shorter 
thanZ>? 

If  time  permits,  treat  E  aa  D  has  been  treated. 

*  If  the  radius  of  curvature  of  the  concave  surface  is  approxi- 
mately 4.8  cm.,  as  it  is  here  assumed  to  be,  it  is  well  to  make  CA  = 
4.2  cm.,  CB=S.5  cm.,  CD=  1.5  cm.,  CE=b  cm.,  the  distances  here 
given  bieing  measured  to  the  middle  of  the  arrow  in  each  case.  The 
angle  between  the  lines  r  and  r  can  be  suitably  fixed  by  making  the 
length  of  A  —  4  cm. 


Fig.  110. 
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141.  PrincipalFocusof  Concave  Mirror. — Theprmcipd 
focus  0}  a  amcave  mirror  it  Iht  point  to  which  rays,  coming 
to  the  mirror  parallel  to  the  principal  axis,  conrerge  after 
reflection.  In  other  words,  it  is  the  point  which  marks  the 
image  {real)  of  a  very  distant  point  on  the  principal  oris. 

As  in  the  case  of  a  convex  mirror,  the  principal  focus 
lies  very  nearly  midway  between  the  reflecting  surface  and 
the  centre  of  curvature. 

142.  Rule  for  Spacing  Images.— Fig.  Ill  illustrates  an 


easy  rule  for  finding  the  position  of  an  image  in  a  convex 
mirror. 

Let  AB  be  the  object.  Draw  one  ray  from  A  straight 
toward  the  centre  of  curvature.  This  ray  will  return  on 
itself  after  reflection,  coming  as  if  from  C  Draw  another 
ray  from  A  parallel  to  the  principal  axis.  This  will  aft«r 
reflection  appear  to  come  from  P,  the  principal  focus 
(5  139).  Both  reflected  rays  appear  to  come  from  A', 
which  is  therefore  the  image  of  A. 

The  image  of  B  is  found  in  the  same  way. 

If  the  object  is  a  straight  line,  as  in  this  figure,  it  is  cus- 
tomary to  represent  the  image  by  drawing  a  ^raighi  Hne 
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from  A'  to  B\  This  is  inaccurate,  as  Exercise  22  should 
show. 

Fig.  112  shows  the  same  method  applied  to  a  concave 
inirror. 

143.  Distorted  Images. — In  Exercises  22  and  23,  and  in 

all  the  figures  that  have  been  given  representing  cylindrical 
mirrors,  we  have  been  dealing  with  rays  which  are,  both 
before  and  after  reflection,  parallel  to  the  plane  on  which 
the  mirror  rests.  If  we  make  use  of  other  rays,  as  we  do 
when  looking  obliquely  down  at  the  mirror  face,  we  see 
things  sadly  twisted,  the  effects  thus  obtained  being  too 
difficult  for  our  profitable  study. 

144.  Relation  of  Cylindrical  to  Spherical  Mirrors. — ^If 

we  were  to  use  a  spherical  mirror,  placed  with  its  principal 
axis  horizontal,  and  employ  only  horizontal  rays  striking 
the  mirror  on  a  narrow  horizontal  strip  through  its  middle, 
we  should  get  effects  quite  like  those  we  have  already 
studied.  All  the  figures  from  104  to  112  would  apply  as 
well  to  a  spherical  mirror  so  used  as  to  a  cylindrical  mirror. 
Indeed,  these  figures  are  like  those  commonly  given  to 
show  the  effects  obtained  with  spherical  mirrors. 

For  general  use  spherical  mirrors  are  better  than  cylin- 
drical mirrors,  because  they  can  be  used  from  more  points 
of  view  without  giving  badly  distorted  images. 

EXPERIMENTS. 
With  a  concave  spherical  mirror  5  or  6  inches  wide  (No.  XXVII) 
interesting  lecture-table  experiments  may  be  made  in  a  slightly 
darkened  room,  the  image  of  a  candle-flame  or,  better,  gas-flame 
being  thrown  upon  a  screen  so  as  to  be  visible  to  all  in  the  room. 
The  screen  should  be  of  tracing-cloth  or  oiled  paper,  so  that  the 
image  upon  it  may  be  seen  from  both  sides.  An  opaque  screen 
ahovdd  hide  the  flame  iteelf  from  the  eyes  of  the  claiss. 


Fig.  113  suggeatB  a  good  arrangement,  MM  being  tl 
C  its  c«ntre  of  curvature,  L  the  flame,  S  the  opaque  bi 
iS'  the  tracing-cloth  screen. 


FiQ.  113. 

The  positions  of  L  and  iS'  may  be  greatly  varied  and  nipii 
interchanged;  but  the  least  distance  of  either  from  the  ohnM 
should  be  rather  more  than  one-half  the  radius  of  curi'ature  of  fllC  ' 
mirror,  if  real  images  are  desired. 

145.  Principal  Use  of  Spherical  Mirrors, — Althou^ 
spherical  mirrors  are  sometimes  used  to  form  images,  asJn  . 
certiun  telescopes,  probably  their  most  important  use  is  (ff 
concentrate  light  upon  some  object  that  cannot  othemfeS 
be  well  seen. 

Thus,  the  small  objects  which  are  to  he  looked  atwitii^ 
microscope  need  to  be  brightly  illuminainl,  and  a  concaW 
mirror  is  commonly  used  to  throw  light  upon  them, 

146.  The  Ophthalmoscope.— Often  a  pliysicianwishestt 
Bee  what  is  wTong  in  the  depths  of  a  patient's  eye.  Taj 
make  this  possible  the  interior  of  the  eye  must  be  ( 
dally  lighted  up.  If  this  is  done  by  holding  a  1 
front  of  it,  the  flame  dazzles  the  eye  of  the  ol 
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therefore  is  of  little  use.  The  difficulty  is  overcome  by 
means  of  the  ophthalmoscope,  Fig.  114,  where  M  is  a 
curved  mirror  with  a  hole  in  the  x 
centre;  L  is  some  source  of 
light,  placed  so  that  the  rays 
proceeding  from  it  to  the  mir- 
ror pass  by  reflection  into  the 
eye  of  the  patient,  represented  Fiq.  ii4. 

by  E]  and  0  marks  the  position  of  the  observer's  eye. 

This  simple  application  of  the  concave  mirror  was  made 
by  the  great  physicist  Helmholtz,  and  it  has  probably  won 
for  him  more  popular  fame  and  gratitude  than  all  his 
other  work  The  most  remarkable  thing  about  many 
inventions  is  the  fact  that  they  were  not  made  earUer. 

147.  Formulas  Relating  to  Curved  Mirrors. — ^In  the 

following  formulas,  which  are  here  given  without  proof, 

Z)o=the  distance  of  object-point  from  mirror; 
Z)i=the  distance  of  image  of  object-point  from  mirror; 
F  =  focal  length  of  the  mirror. 

For  a  convex  mirror  we  have 

_  j_+  i_= J. 

Dj  D,      F' 
For  a  concave  mirror  we  have 


D,'  Di      F 

vhen  the  object-point  is  farther  from  the  mirror  than  the 
principal  focus  is,  and 

J L  =  J_ 

2)o      Di     F 

when  the  object-point  is  between  the  principal  focus  and 
the  mirror. 
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It  is  doubtful  whether  work  done  with  the  cylindrical 
mirrors  will  be  accurate  enough  to  give  results  agreeing 
with  these  formulas.  Similar  formulas  are  used  ^th 
respect  to  lenses. 

QUESTIONS. 

(1)  A  small  object  is  placed  close  to  a  convex  mirror. 
(a)  Is  the  image  real  or  virtual? 

(6)  If  the  object  is  moved  farther  and  farther  away  from  the  mif* 
ror,  will  the  image  at  anytime  change  to  the  other  kind? 

(2)  If  one  looks  at  the  image  of  his  own  face  in  a  convex  mirror 
will  the  nose  appear  too  prominent  and  the  forehead  and  chin  le- 
treating,  or  will  the  opposite  be  true? 

(3)  If  a  small  object  is  placed  close  to  a  concave  mirror — 
(a)  Is  the  image  real  or  virtual? 

(6)  If  the  object  is  moved  farther  and  farther  away  from  the  mSf- 
ror,  will  it  reach  such  a  position  that  its  image  will  change  to  the 
other  kind?    If  so,  what  is  that  position? 

(4)  (a)  Have  you  in  using  any  single  mirror,  plane  or  curvedi  seen 
a  virtual  image  that  was  inverted,  as  compared  with  the  object? 

(6)  Have  you  seen  any  real  image,  formed  by  a  single  mirror,  thai 
was  right  side  up,  as  compared  with  the  object?  (In  applying  this 
question  to  cylindrical  mirrors,  consider  only  objects  which  lie  in  a 
plane  at  right  angles  with  the  straight  lines  of  the  mirror  face  ) 

(5)  Do  you  see  anything  wrong  with  the  physics  of  the  following 
statement,  copied  from  a  prominent  newspaper? 

There  are  times  when  the  public  sees  things  in  a  convex  mirror,  in 
which  they  appear  broad,  robust,  and  expanded.  There  are  times 
when  the  public  sees  things  in  a  concave  mirror,  in  which  they  appear 
cramped,  narrow,  and  contracted. 
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departure  from  which  to  measure  the  apparent  displacement 
coin,  if  any  should  be  observed 

149.  Interpretation  of  the  Preceding  Ezpei 

Objects  always  appear  to  the  eye  to  be  in  the 
from  which  the  rays  are  travelling  at  the  moment  of 
the  eye.    Evidently,  then,  since  the  coin  appeared  toi 
when  the  water  was  poured  into  the  jar,  in  Expert] 
the  light  rays  which  proceeded  from  the  coin  must 
been  bent  aside  in  some  way  by  the  water.  i.- 

In  Fig.  115  the  straight  line  CE,  which  passes 
left-hand  edge  of  the  coin  C  to  the  pupil  of  the  eye 
represents  the  course  of  a  light-ray  from  that  point 
the  water  was  poured  into  the  pan.  Any  ray  that  pfliMi 
farther  to  the  right  than  CE  would  be  intercepted  \xfWI 
side  of  the  pan;  any  ray  that  passed  farther  to  the  l^ylf 
more  nearly  vertical  than  CE,  would  miss  the  eye;  hs|P 
it  is  evident  that,  so  long  as  the  pan  is  filled  with  air  01^ 
and  the  eye  kept  in  the  position  shown,  the  coin  canndf  W 
seen. 

But  as  soon  as  water  is  poured  into  the  pan,  the  rays  an 
longer  travel  in  straight  lines  from  the  object  C  to  the  ejt* 
Each  ray  suffers  an  abrupt  change  of  direction  at  the  fflff- 
face  of  the  water,  and  from  this  it  follows  that  such  rajS 
as  those  which  take  the  general  course  CS  in  the  figuW 
are'' finally  brought  to  meet  the  eye  at  E,  As  a  result  rf 
the  bending,  C  becomes  visible,  and  its  farther  edge  ^ 
seen  apparently  at  C,  in  a  position  somewhat  raised  alxw^ 
the  bottom  of  the  pan. 

Experiment  shows  that  the  course  CSE  m^t  ^  '*'  | 
traced  by  a  ray.     That  is,  a  ray  leaving  E  in  the  direfl^ 
ES  would  reach  C  by  the  fine  SC. 
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liquid,  the  course  of  the  ray  is  changed  at  t 
such  a  way  that  the  angle  r,  which  it  makes 
side  the  solid  or  liquid,  is  smaller  than  the 

The  ^ngle  i  in  Fig.  117  is  called  the  angle 
The  angle  r  is  called  the  angle  of  refraction. 

If  the  ray  were  represented  as  coming  in  the; 
direction,  that  is,  first  along  R  and  then  along  t^ 
be  the  angle  of  incidence  and  i  would  be  the 
fraction.    The  ray  would  be  bent  just  as  much 
face  as  it  is  when  going  first  along  /  and  then 

151.  Bidex  of  Refraction. — When  the 
changed  the  direction  of  R  is  changed.    The  way- 
the  change  of  one  depends  upon  the  change  of  the  ^ 
easily  shown  l)yi  means  of  Fig.  118.    /,  /',  and 


N 
FiQ.  118. 


three  raj^  all  of  which  come  to  the  point  C  dH^CHen  1 
rate,  the  first  going  along  R,  the  second  along  fl^ 
third  along  -R".  The  circle  whose  centre  is  at  C 18  d 
with  any  convenient  length  of  radius.    The  dottad '. 
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EXERCISE  34  (ao  in  old  Vat). 
INDEX  OF  REFRACTION  OF  GLASS.* 

Apparatus:  A  piece  of  plate  glass  (No.  28).  Articles  3,  24a.,  and 
24b.     a  sheet  of  paper  and  three  pina 

Place  the  glass,  G  (Fig.  119),  on  the  paper,  P.  Stick  one  pin  up- 
right at  the  point  1  close  to  one  of  the  polished  edges  of  the  glass; 
stick  the  other  pin  at  2  close  to  the  other  poUshed  edge. 

Look  with  one  eye  from  the  position  S  ihrough  the  whole  width  of 
the  glass  at  pin  No.  1.  Move  the  eye  toward  3,  looking  all  the  time 
through  the  glass  at  the  pin.  It  will  presently  be  noticed  that  the 
pin  seen  through  the  glass  is  not  in  the  same  direction  from  the  eye 
as  the  same  pin  seen  over  the  glass.  That  which  is  seen  through  the 
glass  is  an  image  of  the  real  pin,  and  it  is  upon  this  image  that  the 
attention  should  be  fixed. 
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Fig.  119. 
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Continue  moving  the  eye  in  the  general  direction  of  3,  kee^nng  it, 
however,  about  30  cm.  from  the  glass,  until  the  image  of  pin  No.  1 
is  just  hidden  behind  pin  No.  2.  Then  place  a  pin  at  3,  in  the  same 
straight  line  with  the  eye,  pin  No.  2,  and  the  image  of  No.  1. 

Draw  a  fine  pencil-line  upon  the  paper  close  to  the  glass  edge 
touched  by  pin  No.  2.     Then  remove  the  glass. 

The  line  now  drawn  marks  the  position  of  the  refracting  suzface. 
The  line  1-2,  Fig.  119,  shows  the  direction,  within  the  glass,  <rf  a 
certain  ray  from  1.     Hie  line  2-3  shows  the  course  of  the  same  ray 

*  I  owe  the  plan  of  this  admirable  Exercise  to  Mr.  F.  M.  Gilley  of 
the  Chelsea  High  School.  It  is  described  in  Gilley's  Principlet  oj 
Physics,  Allyn  &  Bacon,  Boston. — E.  H.  H. 
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carefully  the  distance  from  the  top  of  the  jar  do'wn  to  the  tip,  p,  of 
the  index,  the  measuring-stick  being  kept  outside  the  jar. ' 

Measure  now  the  inside  diameter  of  the  jar. 

Measure  also,  imless  it  is  already  known,  the  distance  *  of  C 
below  the  top  of  the  jar. 

Now  make  a  drawing,  of  full  natural  size,  of  the  ddes  of  the  jar 
(inner  lines),  the  water  surface  and  the  partition,  as  in  Fig.  122,  con- 
tinuing the  partition  line,  by  means  of  dots,  well  down  into  the  jar. 
Put  p  in  its  proper  place,  and  then  draw  the  lines  pC  and  Cg. 

Lay  off  Cd=  Cg,  and  then  draw  the  lines  n  and  m. 

The  index  of  refraction  from  air  to  water  is  — . 

m 

153.  Relation  between  Index  of  Refraction  and  Velocity 
of  Light. — ^The  velocity  of  light  in  any  transparent  sub- 
stance depends  on  the  nature  of  the  substance.    It  is 


Fig.  123. 

greatest  in  a  so-called  vacuum;  it  is  least  in  the  most 
highly  refractive  substances.  Indeed,  the  index  of  re- 
fraction from  any  given  substance  to  another,  as  from  air  to 

*  It  is  well  to  have  this  distance,  which  is  somewhat  troublesome 
to  measure  accurately,  given  by  the  teacher.  Partitions  of  different 
depths  might  be  used  in  order  to  vary  the  angles  of  incidence  and 
refraction. 

If  the  jar  used  in  this  Exercise  is  not  pretty  level  at  the  top,  or  if 
the  partition  is  not  just  at  the  middle  of  the  jar,  it  is  well,  after 
makmg  one  setting  of  the  index  and  one  measurement  of  its  position, 
to  turn  the  jar  about,  transferring  the  index  to  the  other  side,  and 
make  a  new  setting  and  a  new  measurement.  The  mean  of  the  two 
measurements  thus  made  should  be  nearly  free  from  any  error  caused 
by  irregularity  of  the  jar  or  of  the  partition's  position. 
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glass,  is  equal  to  the  velocity  of  light  in   the  first 
divided  by  the  velocity  oj  light  in  the  second  substance. 

Refraction  is  often  illustrated  by  an  analogy  suggested  by 
the  march  of  troops  over  ground  of  various  kinds.  Suppose 
a  column  of  troops  to  be  marching  over  smooth  ground, 
represented  by  the  space  to  the  left  of  the  line  SS'  in  Hg. 
123.  The  front  of  the  column  being  at  AB,  let  the  line 
iSiS'  represent  the  border  of  a  marsh  or  other  difReidt 
ground.  Upon  entering,  the  right  of  the  column,  B,  first 
encounters  the  marsh,  and  the  soldiers  at  B  will  fall  behind 
those  of  the  rest  of  the  front.  In  consequence  of  this  the 
column  will,  one  part  after  another,  wheel  to  the  right  until, 
when  the  whole  front  has  entered  the  marsh,  it  will  have 
the  new  direction  shown  by  the  hue  A'B'.  Sutetitute 
for  the  column  of  troops  a  beam  of  tight,  and  for  the  marsh 
a  highly  refractive  transparent  substance,  and  one  may 
get  some  notion  as  to  how  refraction  depends  upon  the 
^Jetarding  effect  of  refractive  substances  upon  light-rays. 

]!     154.  Total  Internal  Reflection :  Critical  Angle.— In  Fig. 
3124  we  have  air  above  the  horizontal  line  and  water,  glass, 


^^ 


f  some  other  transparent  medium,  below  the  line.     A 
py  of  light  R,  may  come  from  beneath  to  the  surface  at 
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suc^  an  angle  witli  the  normal  that  iA 
at  0  be  parallel  to  the  refractitig  e 
coming  up  to  0  at  a  laiger  angle  with  t 
pass  out  to  the  aii,  nor  will  it  skin 
will  be  reflected  at  the  point  0,  the  t 
perfect  mirror,  and  will  follow  the  cou] 
of  reflection  being  equal  to  the  atigle  v 

The  angle  a,  which  must  not  be  exceec 
pass  out  into  the  air,  is  called  the  Critical  i 
flection  which  takes  place  when   this  i 
is  so  good  that  it  bears  the  especial  name] 

EXPERIHEinS  WITH  TOTAL  REFU 
(1)  With  the  eye  at  E,  Fig.  125,  look  at  right  a 
prism  shaped  like  AB 
time  holdinE  an  object  fi 
q'  position  ol'  the   image  6 

markable  distinetnesa- 
B        Try  to  look  directly  0 
CB  acrosa  the  C' 
(2)  In  Fig.   126, 
„  square  of  thin  wood  ab( 

'"■       '  LO  U  a  piece  of  knitting-nM 

S  cm.  long.     The  wood  floats  in  water  which  fills  a  ve( 
brim  AB. 


Push  the  needle  down  until  its  upper  end  is  nearly  to* 
upper  surface  of  the  board,  and  look  down  dblrquOg  t 
»«t«r.  close  past  the  mama  of  the  board,  at  tto  towi»« 


water,  close  past  the  margm  ol 
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the  needle.  Now  draw  the  needle  up,  little  by  little,  through  the 
floating  boail  until  the  point  ia  reached  at  which  the  needle  just 
vanishes  from  view,  the  line  of  sight  being  made  at  last  as  nearly 
horizontal  as  possible.  Lift  the  board  from  the  water  and  note  how 
much  of  the  needle  still  projects  below  the  board. 

When  the  point  is  at  0',  the  light-ray  going  from  it  to  iS  passes  out 
into  the  air.  When  the  point  ia  at  0,  a  light-ray  OS  sufiers  total 
reflection  along  SR  The  angle  OSN',  or  its  equal  SOL,  is  nearly 
equal  to  the  critical  angle  Of  course  no  great  accuracy  can  be 
Dxpected  here. 

Effect  of  Transparent  Plates  and  Prisms. 
155-  Transparent  Plates.— A  plate  of  glass,  or  other 
^feaiisparent  material,  with  plane  parallel  > 
Jades,  as  in  Fig,  127,  refracts  light  which 
enters  it  obliquely,  but  refracts  it  equally 
knd  in  the  opposite  direction  when  it  comes 
Out  at  the  opposite  side  of  the  glass,  so  that 
•ttie  entering  and  emerging  rays  are  parallel 
jto  each  other,  although,  as  Fig.  127  shows, 

ley  no  not  lie  in  one  straight  line.  \ 

Evidently   a  thick  plate  of  glass   will,  ■■ 

;her  things  being  equal,  set  the  emergent 

ly  farther  to  one  side,  from  the  line  of  the  original  ray, 

lan  a  thin  plate  will. 

156.  Prisms. — A  prism,  in  the  study  of  light,  is  usually 
a  piece  of  glass,  or  other  transparent  material,  bounded  by 
three  rectangular  and  two  triangular  faces.  DEF  in 
Fig.  128  represents  one  end  of  such  a  prism. 

It  is  evident  that  light  entering  the  face  DE  from  air  will 
be  refracted  toward  the  normal  NM.  Going  through  the 
prism  to  the  face  DF  it  passes  out  into  the  mr,  being  re- 
fracted again,  this  time  from  the  normal  M'N',  so  that  the 
two  refractions  have  bent  ihe  ray  far  from  its  original 
direetioiL 


The  total  bending,  or  deviation,  suffered  by  a  n 
ing  completely  through  a  prism  dependa  on  a  t 
things. 


let.  On  the  angle  which  the  two  faces  pasted  throuf^n 
wUh  each  other.  This  angle  is  called  the  refracting  a 
see  D  in  Fig.  128. 

The  greater  this  angle  is,  other  things  being  equ^,  j 
greater  the  total  deflection  will  be.  We  have  seen  in  j  J 
that  if  the  two  faces  are  parallel  the  total  deviation  is  n 

2d.  On  the  color  of  the  ray. 

This  fact  has  already  been  noticed.  Red  light  is  deviate! 
less  than  blue  light. 

3d.  On  the  angle  which  the  ray  makes  with  the  first  Ji 
face. 

The  total  deviation  is  least  when  the  ray  strikes  in  Buoli'l 
a  way  as  to  follow,  within  the  prism,  a  course  parallel  W  | 


IE,  Fig.  129,  which  makes  the  distance  AI  equal  t 
tance  AE,  and  makes  the  refraction  equally  gnat 
surfaces. 
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EXPERIMEHT. 

Repeat  the  experiment  of  {  112,  varj-ing  the  angle  at  which  the 
BuohRht  Htnkes  the  first  face,  in  order  to  show  that  there  is  one  in- 
chnatioo  which  gives  a  leaa  total  defleetioa  ot  the  light  than  any 
other  position 

1     4th    On  the  iruiterial  of  (he  prism. 
'    For  example,  all  kinds  of  glass  do  not  refract  equally. 

157.  Dispersion:  The  Spectrum.— The  separation  of 
fays  of  different  colors  by  a  prism  is  called  dispersion. 

\    The  spot  or  band  of  colored  light  produced  by  the  dis- 
persion of  a  sunbeam  is  called  the  solar  spectrum. 

It  is  customary  to  divide  the  spectrum  into  seven  regions, 
called  red,  orange,  yellow,  green,  blue,  indigo,  violet,  and  to 
call  the  general  colors  of  these  the  primary  colors,  to  dis- 
tinguish them  from  those  formed  by  compounding  two  or 
more  of  them.  This  division  of  the  spectrum  is  a  mere 
matter  of  convenience.    We  might  name  a  hundred  colors 

rthe  spectrum  if  we  chose  to  do  so. 
So  long  as  we  keep  to  any  one  refracting  material  the 
dispersion  is,  in  general,  greater  when  the  average  deviation 
of  all  the  rays  is  greater.  Thus,  with  a  given  prism,  the 
dispersion  is  least  when  all  the  rays  go  through  the  prism 
as  the  ray  IE  goes  in  Fig.  129. 

When  prisms  of  different  material  are  used^ — two  kinds 
of  glass,  for  example — one  may  disperse  the  rays  more  than 
the  other,  while  producing  no  greater  average  deviation 
of  all  the  rays ;  or  one  may  disperse  the  rays  about 
as  nmch  as  the  other  while  deviating  them,  as  a       A 
whole,  much  less.  /  \ 

158.  "Achromatic"  Prisms.— Two  prisms  of  /  \ 
nearly  equal  dispersive  power  but  of  unequal  de-  /  \j 
Vialing  power  may  be  combined,  by  turning  their  '■ ' 

xacting  angles  in  opposite  directions,  so  that  one  ^'"'  '^^' 
to  counteract  the  other,  as  in  Fig.  130,  making  a 
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compound  prism  which  produces  considerable  deviation 
with  very  little  final  dispersion.  Such  a  combination  is 
called  achromatic,  that  is,  colorless. 

Achromatic  combinations  of  lenses  (§  172)  are  used  in 
many  optical  instruments. 

Lenses. 

159.  Shapes  of  Lenses.— A  lens  is,  usually,  a  piece  of 
glass  whose  two  faces  are  parts  of  spherical  surfaces. 

Sometimes  there  is  a  cylindrical  surface  between  Utetwo 
spherical  faces. 

Fig.  131  shows  various  lenses  as  they  would  look  if  cut 
through  the  middle. 


Fro.  131. 

Lenses  are  classed  as  convex,  or  converging,  and  amtaw, 
or  diverging.  Convex  lenses  are  all  thicker  in  the  middle 
than  at  the  margin,  and  cause  parallel  light-rays  to  con- 
verge, as  in  Fig.  132.     Concave  lenses  are  Wiinner  in  tie 


Fia.  132. 

middle  than  at  the  mar^n,  and  cause  parallel  light-rayS 
to  diverge,  as  in  Fig.  133. 

Some  of  the  lenses  used  in  the  most  accurate  optical  in- 
struments have  convex  or  concave  surfaces  which  are  00* 
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rictly  parts  of  spherical  surfupcu.  Such  tntscs  p-  i 
rtain  advant  a^'S  over  spheric al-eiir(accs  lenficn  (mv  f        ), 

i6o.  Definitions  Relating  to  Lenses. — Ttu;  \ft\f**  iw 
lall  use  will  be  much  like  No.  1  in  Fig.  131.  TiA  two 
lies  are  supposed  to  be  just  alike. 

To  understand  such  a  leas  boltt-r  wr  will  make  UW  of 
■ig.  134. 

C  is  the  centime  of  the  iidkerical  surface  of  irtiidk  A8B  it 

part  It  is  called  the  centre  of  earvature  of  ihe  faoe 
iSB.    C  is  the  centre  of  curvature  of  the  face  ABB. 


The  straight  line  HCOC'K,  continueil  to  any  distance  in 
aeh  direction,  is  called  the  "principal  axis  of  the  If^riH. 

Any  straight  line  going,  like  LM,  obliquely  through  the 
entre  of  the  lense  is  called  a  secondary  axis  of  the  lenw. 

If  the  two  faces  of  a  lens  are  exactly  alike,  as  we  sui)p<i8e 
hem  to  be  here,  any  ray  of  light  going  through  the  centre 
f  the  lens,  the  point  0,  will  have  the  sanne  direction  after 
-aving  the  lens  as  before  entering  it,  because  the  twf»  little 
pots  of  surface  at  which  it  enters  and  leaves  the  lens  are 
■arallel  to  each  other,  so  that  the  ray  is  affected  just  as 
f  it  were  going  through  a  plate  with  parallel  faces.*  0 
'  called  the  optical  centre  of  the  lens. 

Rays  entering  a  convex  lens  parallel  to  its  principal  axis, 

•The  direction  of  the  ray  within  the  lens  is,  of  course,  not  quite 
Je  same  as  its  directioa  before  entering.  This  fact  is  not  shon-n  in 
"R  134,    See  S  155. 
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as  in  Fig.  132,  are  refracted  in  such  a  way  that  after  leav- 
ing the  lens  they  will  cross  this  axis.  They  do  not  all  cross 
at  one  point,  but  if  the  faces  are  near  together,  and  are  very 
small  parts  of  spherical  surfaces,  as  in  our  lenses,  such  rays 
will  cross  at  or  near  a  certain  point,  F,  on  the  principal' 
axis,  and  this  point  is  called  the  principal  focus  of  the 
lens.  There  are  two  principal  foci,  one  on  each  side  of 
the  lens.     See  points  F  and  F'  in  Fig.  134. 

The  distance  from  the  principal  focus  to  the  nearer  face 
of  the  lens  is  called  the  focal  length  of  the  lens. 

Focal  length  is  a  quantity  of  very  great  importance  in 
dealing  with  lenses,  and  the  next  Exercise  will  show  how 
to  find  it  by  experiment.  For  this  purpose  we  need  to 
have  the  light  come  to  the  lens  in  rays  nearly  parallel  to 
each  other  and  to  the  principal  axis.  This  we  can  do  by 
taking  the  light  from  any  small  spot  of  any  distant  but 
distinct  object;  for  instance,  a  chimney  or  a  church-spire 
outlined  against  the  sky. 

EXERCISE  26  (23  in  old  list). 
FOCAL  LENGTH  OF  A  CONVERGING  LENS. 

Apparatus:  The  lens  (No.  31)  mounted  on  a  block.  A  meter-rod 
(No.  2).  A  small  block  (No.  21)  bearing  a  white  cardboard  screen 
(No.  32).     A  common  pin. 

First  Method. — Place  the  lens  and  the  screen  upon  the  rod,  as  in 
Fig.  135,  and  point  the  rod  at  some  distant  object,  seen  agsdnst  tiie 
sky,  in  such  a  way  that  the  light  from  this  object  will  pass  from  the 
lens  and  then  fall  upon  the  screen.  Move  the  screen  back  and  forth 
until  that  part  of  the  image  *  which  lies  on  or  near  the  principal  axis 
of  the  lens  is  made  as  distinct  as  possible.     Then  by  means  of  the 

*  The  image  is  formed  because  light  coming  from  any  one  small 
spot  of  the  object  is  brought  to  a  small  spot  again  by  the  lens.  The 
image  is  made  up  of  such  small  spots  each  in  its  own  place.  For  the 
purposes  of  this  Exercise  the  distant  object  need  not  be  more  than  150 
or  200  feet  from  the  experimenter.  The  images  on  the  screen  will 
be  much  more  distinct  if  the  apparatus  is  used  in  the  back  part  of 
the  room,  well  away  from  the  wmdows. 
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iduations  of  thn  meter-rod,  or  by  an  independent  me,isuring-i9tlrk 
•■if  this  ia  preferred,  note  the  distance  from  this  purt  of  thu  linage  to 
T  face  of  the  lene.     This  is  the  JQcal  length. 


Second  Method. — Remove  the  screen  from  ita  block  aiid  put  the 
.|W  upright  in  ita  place.  Let  the  pin,  thua  mounted,  be  placed  on 
the  meter-rod,  about  as  far  from  the  end  of  the  rod  as  the  pupil 
usually  holds  a  book  from  his  eyes  when  reading.  Place  the  lens 
■omewhat  farther  from  the  same  end  of  the  rod. 

Place  the  eye  at  this  end  of  the  rod  and,  looking  sharply  at  the  pin, 
direct  the  rod  and  adjust  the  lens  in  such  a  way  that  the  light  from 
■ome  distant  object  will  pass  through  the  lens  and  form  an  image  in 
fhe  air  close  to  the  pin.  To  decide  whetlier  the  image  is  nearer  the 
eye  than  the  pin  is,  move  the  eye  to  and  fro,  to  the  right  and  the  left, 
vatehing  the  pin  and  the  image.*  If  the  pin  is  more  distant  than 
the  image,  it  will,  when  the  eye  is  moved  toward  the  right,  appear 
to  move  across  the  image  toward  the  right.  If  the  pin  is  nearer  than 
the  image,  it  will,  when  the  eye  is  moved  toward  the  right,  appear 
to  move  across  the  image  toward  the  left.  The  rod  should  not  be 
held  in  the  hands  during  this  test,  but  should  be  placed  on  some 
■teady  support. 

*  To  see  the  reason  of  the  test  just  described,  close  one  eye  and  hold 
forefingers,  some  inches  apart,  in  line  with  the  other  eye,  so 
e  finger  hides  the  other.     Then  move  the  eye  to  the  riglit 

left  and  notice  the  apparent   movement  of  the  fingerp  '"'■'■ 

Mpect  to  each  other. 


Continue  the  adjuatmpnls  until  the  leai  described  fail 
wluch  of  the  two,  the  pin  or  tbe  image,  is  nearer  tlic  i-ye.  Thett 
measure  the  distance  from  the  pin  to  tbe  Lena.  It  should  be  tbe 
focal  length  of  the  lens. 

Compare  the  values  of  the  focal  length  given  by  the  two  methodi, 

The  second  method  is  more  difficult,  but  it  Is  instructive,  and  il 

can  be  used  in  cases  where  the  image  is  too  faint  to  show  clearly  upon 


i6i.  DiBCUSsion  of  Exercise  26. — It  is  common  to  speak 
of  the  rays  coming  to  a  lens  from  a  distant  object  as 
parallel  rays.  This  does  not  mean  that  rays  coming  from 
different  parts  of  the  object  to  tlie  lens  are  parallel  to  eai4 
otlier.  It  means  merely  that  rays  coming  from  any  one 
spot  of  the  object  to  the  lens  are  parallel,  or  very  nearly 
paraUel,  to  each  other.  In  fact,  if  rays  from  the  differerd 
parts  of  a  luminous  body  could  be  converged  to  the  saae 
point,  the  result  would  not  be  an  image  repeating  tla 
features  of  the  original  objects.  It  would  be  a  mere  prant, 
or  very  small  patch  of  light. 

The  image  seen  in  the  Second  Method  is,  like  that  of  the 
First  Method,  a  real  image  (§  132),  but  it  is  in  the  air. 

As  there  is  an  image  in  the  air,  we  may  welt  inquire  visj 
this  image  cannot  be  seen  by  a  whole  class  at  once  without 
the  use  of  a  screen.  It  is  because  the  light  forming  the 
image  in  the  air  goes  straight  on  through  tliis  image,  and 
can  be  received  only  by  placing  one's  self  behind  the  image. 
The  light  which  forms  an  image  upon  a  screen  is  by  the 
threads  of  the  screen  reflected  back  in  all  directions,  and 
therefore  some  part  of  it  reaches  every  eye. 

OUBSTIOH. 

If  a  bright  point  were  placed  at  the  principal  focua  of  a  lens,  irt** 
direction  would  the  raya  going  from  this  point  to  the  lens  have  aft* 
paasing  through  the  lens? 
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162.  Object-distance  and  Image-distance:    Conjugate 
—Two  points  so  placed  icilh  respect  to  n  leris  that  an 
vject  placed  at  either  of  Ihetn  will  have  an  image  at  the 
^pther  arc  called  Conjugate  Foci  of  the  lens. 


EZERaSB  17  •  (i3  1"  old  list). 
RELATION  OF  IMAGE-I>tfiTANCE  TO  OBJECT-DISTANCE; 
CONJUOATS  FOCI  OF  A  LENS. 
A  pparalus  :  The  same  lena  that  was  used  in  Exercise  26. 
meter-rod.     Supports  for  rod   (No.  33a),     Small  block   (No.   21), 
with  a  cardboard  acreen  (No.  32).     Small  kerosene  lamp  with  an 
asbestos  band  around  the  chimney  (No.  33). 

Arrange  the  apparatus  according  to  Fig.  136.     The  c 
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aabeatos  band,  lighted  up  by  the  flame  behind,  is  the  ob]ect  the  ima^e 
of  which  is  to  be  received  upon  the  screen.  One  end.  of  the  meter- 
[Od  is  placed  vertically  beneath  this  iUuminated  cross 

Place  the  screen  at  first  at  a  distance  from  the  object  about  equal 
to  three  times  the  focal  length  of  the  lens.     Then  move  the  lens  back 
_.ttlld  forth  on  the  rod  between  the  object  and  the  screen,  and  see 
E  whether  in  any  position  it  gives  upon  the  screen  a  clear  image  of  the 
robject.     If  it  does,  measure  the  distance  from  the  lens  in  this  position 
to  the  object,  and  write  this  distance  as  the  first  number  in  a  record- 
column  headed  Da  (object-distance).     Measure  also  the  distance  from 
the  lens  to  the  screen,  and  put  this  distance  as  the  first  number  in  a 
record-column  headed  Di  (image-distance). 

Ih  the  present  position  of  the  screen  and  object,  there  is  no 
of  the  lens  that  will  cause  a  distinct  image  of  the  object  to 


To  economize  space  upon  the  laboratory  tables  it  will  probably 
be  Decessary  to  have  pupils  work  in  pmrs  in  tJiis  Exercise.  Each  pair 
should  know  the  focal  length  of  its  lens  at  the  outset,  so  as  to  lose  no 
time  ia  beginning  the  Exercise. 


fall  upon  the  screen,  move  the  screen  one  or  two  centimetere  fartliK 
from  the  object,  and  then  try  again  to  get  a  good  imaf^.  If  slDI 
none  ia  found,  move  the  sereen  still  farther  away,  continuing  tk 
trial  till  a  distinct  image  is  obtained.  Then  measure  and  record  the 
Do  and  Di  as  already  described.  (Very  little  time  need  be  spent  upon 
these  first  successive  trials.) 


Then  at  one  move  place  the  screen  about  10  cm.  farther  still  from 
the  object,  find  a  position  of  the  lens  that  will  give  a  distinct  inup, 
measure  and  record  Do  and  D\  as  before.  Without  moving  the  3cn*n, 
Bee  whether  there  ia  any  other  position  of  the  lens  that  will  give  a 
distinct  image;  if  there  is,  measure  and  record  the  Da  and  tbeflifor 
this  position  of  the  lens. 

Move  the  screen  10  cm.  fartlier  away,  and  then  do  exactly  u 


If  there  is  time,  move  the  screen  two  or  three  more  times,  adjust- 
ing the  lens,  measuring,  and  recording,  each  time.  It  ia  better  to 
make  a  moderate  number  of  settings  and  readings  well  than  a  large 
number  carelessly,  but  an  error  of  one  or  two  millimetres  in  lie* 
refldings  will  be  of  no  great  consequecce. 

163.  Discussion  of  Exercise  27. — The  distance  from 
object  to  image  in  any  case  of  Exercise  27  is  D„+i)i+ 
the  ihickjiess  oj  the  lens,  and  we  may  call  this  Doi-  Tto 
distance  was  shortest  in  the  case  first  recorded.  I^ 
each  member  of  the  class  divide  the  D^t  of  this  case  by  the 
focal  length  of  his  lens.  Is  there  any  general  agreement 
between  the  quotients  thus  found? 

When  the  screen  was  farther  away,  was  there  usually 
more  than  one  position  of  the  lens  that  would  g^ve  a  di^ 
tinct  image,  the  sereen  remaining  unmoved? 

If  you  were  told  that  in  a  given  case  the  Do  was  20  cm- 
and  the  Di  60  cm.,  could  you  tell  what  the  other  possible 
Do  and  Di  would  be  for  the  same  positions  of  object  autl 
screen  7  Look  at  your  record-columns  for  Exercise  27, 
aod  see  whether  they  help  you  to  answer  this  queetioD. 
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Let  each  member  of  the  class  call  F  the  focal  length  of 
I 'the  lens  which  he  used,  and  let  hini  test  the  truth  of  the 
\  formula 

or,  what  means  the  same,  1 

for  all  cases  tried  and  recorded  by  himself  in  Exercise  27. 


(1)  D^fora  certain  case  is  50  cm.  and  Z),i3  100  cm.  Howgreat 
isF7 

(2)  U  A  is  80  cm,  and  F  is  20  em.,  tow  great  is  DJ 

(3)  If  /)== A,  we  will  eall  each  D. 

(o)  What  in  this  case  is  the  relation  between  F  and  Dl 

(6)  How  does  this  agree  with  j'our  observations  in  Exereise  27? 

164.  Real  Image  Formed  by  a  Lens. — In  the  preceding 
Exercises  the  object  presented  to  the  lens  has  been  small, 
or  has  been  at  such  a  distance  as  to  give  a  rather  small 
image.  It  is  now  desirable  to  study  larger  images,  and  to 
study  them  with  especial  reference  to  their  sha-pe  and  size, 
rather  than  their  distance  from  the  lens.  We  shall  in  the 
next  Exercise  find  the  shape  and  size  of  an  image  of  an 
arrow  placed  at  right  angles  with  the  principal  axis  of  the 
lens  and  not  far  from  the  lens.  We  shall  not  attempt  to 
find  the  whole  image  at  once,  but  shall  find  separately  the 
images  of  several  points  of  the  arrow,  and  then  make 
an  approximate  image  of  the  arrow  by  connecting  these 
points. 

EXERCISE  iS  (14  in  old  list). 

SHAPE  AND  SIZE  OF  A  REAL  IMAGE  FORMED  BY  A  LENS. 

Apparatus:  The  lens  (No.  31),     Measuring-stick  (No.  3).     Block 

(No.  21)  carrying  in  the  narrow  slot  on  ita  top  a  piece  of  wire  (No. 

1)  extending  first  iiorizontally  and  then  downward  (see  Fig.  138). 

A  ruler  (No.  24).     Block  (No.  25).     A  sheet  of  paper  about  30  cm. 
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wide  and  1  m.  long,  having  near  one  end  an  arrow  8  cm.  long,  drawn 
at  right  angles  with  a  pencil- mark  about  30  col  long,  and  marked,  or 
numbered,  as  shown  by  Fig.  137.  Weights  (No.  19)  to  hold  the  cor- 
ners of  this  sheet  in  place  on  the  table. 

Arrange  the  apparatus  as  shown  by  Fig.  138,  the  centre  of  the  lens 
over  a  point  on  the  long  pencil-mark,  at  a  distance  from  the  centre  of 
the  arrow  about  equal  to  one  and  a  half  times  the  focal  length  of  the 
lens,  and  block  No.  25  in  such  a  position  that  the  vertical  mark  upon 
its  face  points  straight  down  to  point  No.  3  of  the  arrow.  This  ver- 
tical mark  will  now  cross  the  principal  axis  of  the  lens,  if  the  lens  is 
accurately  placed. 

Place  the  other  block  near  the  other  end  of  the  paper  in  such  po- 
sition that  the  vertical  part  of  the  wire  it  carries  shall  be  near  the 
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principal  axis  of  the  lens.  Keep  the  eye  20  or  30  cnu  distant  from 
this  part  of  the  wire,  on  a  level  with  the  centre  of  the  lens,  and  in  line 
with  the  centre  of  the  lens  and  the  vertical  part  of  the  wire.  Look 
at  this  part  of  the  wire  so  as  to  see  it  distinctly,  and  note  whether 
you  can  see  at  the  same  time,  near  the  wire,  the  image  of  the  pencil- 
mark  on  the  farther  block.  If  so,  find  out  by  moving  the  eye  to  the 
right  or  left,  as  in  Exercise  26,  whether  this  image  is  more  or  kss 
distant  from  the  eve  than  the  vertical  wire  is.  Then  move  the  block 
carrying  the  wire  into  such  a  position  that  the  image  and  the  vire 
seem  to  keep  close  together  when  the  eye  is  moved  a  considerable 
distance  to  the  right  or  left.  When  this  adjustment  b  made,  put  a 
dot  on  the  paper  just  beneath  the  vertical  wire  and  mark  this  dot  3. 
It  represents  the  image  of  object-point  No.  3. 

Find  in  a  similar  manner  the  imago-points  1,  2,  4,  5,  corresponding 
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to  the  object-points  1,  2,  4,  5.  The  experimenter  must  take  care  not 
to  let  any  idea  be  may  have  as  to  tiie  position  where  an  image-point 
ought  to  be  affect  his  judgment  in  deciding  where  it  13. 

Alter  all  the  five  image-pointa  are  found,  connect  them,  No.  1  to 
No.  2,  No.  2  to  No.  3,  etc.,  by  raeana  of  straight  lines,  thus  getting 
B.  rough  representation  of  the  whole  image. 

Draw  from  each  object-point  toward  the  corresponding  image- 
point  a  straight  line  as  long  as  the  ruler  (No.  23),  and  note  the  point 
where  these  lines  cross  each  other. 

165.  Fonnation  of  the  Image  in  Exercise  28. — The  for- 
mation of  the  image-points  in  Exercise  28  is  illustrated  by 
rig.   139.     One  ray  from  the  object-point  A  follows  a 
secondary  axis  (§  160)  passing  through  the  centre  of  the 
lens,  and  its  direction  after  leaving  the  lens  is  the  same  as 
tlbefore  entering  it.    (Its  direction  inside  the  lens  is  not 
piite  the  same,  but  the  figure  does  not  show  this.) 
Another  ray  from  A  runs  parallel  to  the  principal  axis 
S 160}  before  entering  the  lens,  and  will  therefore  pass 


rough  the  principal  focus,  /,  on  the  farther  side  of  the 
'ens.  The  crossing  of  these  two  rays  at  A'  shows  the  posi- 
tion of  the  image  of  A. 

In  a  similar  way  B',  the  image  of  B,  is  located. 

166.  Size  and  Shape  of  Image. — If  a  straight  line  is 

irawn  from  A'  to  B'  in  Fig.  139,  we  may  call  this  the 

oigth  of  the  image,  although  the  iniages  of  points  between 

t  and  B  will  not  lie  on  this  line.     It  is  evident  from  Fig. 

19,  and  also  from  the  figure  obtained  in  Ekercise  28,  that 


the  distance  A''B'  is  to  the  distance  AB  as  the  distance  o: 
A'B'  from  the  lens  is  to  the  distance  of  AB  from  the  lens. 
The  curved  shape  of  the  image  obtained  in  Exercise 
28,  if  the  work  has  been  correctly  done,  is  due  partly  to  the 
fact  that  the  ends  of  the  object-arrow  are  farther  from  the 
lene  than  the  centre  of  the  arrow,  and  partly  to  the  fact 
that  the  focal  length  along  a  secondary  axis  is  le^s  than  the 
focal  length  along  the  principal  axis.  This  latter  fact  can 
easily  be  shown  by  direct  experiment  ■with  either  method 
of  Exercise  26. 

167.  Virtual  Image  Formed  by  a  Lens.— We  see  in 

Exercise  28  and  in  Fig.  139,  where  the  object-point  is 
farther  from  a  lens  than  its  principal  focus  is,  that  the  raj's 
going  from  this  object-point  to  the  lens  are  bent  by  the  leiis 
in  such  a  way  that,  after  leaving  it,  they  converge  to  a  pomt 
again.  We  know,  too,  that  if  the  object-point  were  placed 
at  the  principal  focus  the  rays  going  from  it  to  the  lens 
would  emerge  from  the  lens  parallel  to  each  other. 

It  is  not  difficult  to  see  that,  if  the  object-point  were 
placed  between  the  lens  and  its  principal  focus,  the  rays 
going  from  it  to  the  lens  would,  after  leaving  the  lens,  be 
divergent  still,  though  less  divergent  than  before  enterin| 
it.    In  the  next  Exercise  we  shall  have  a  case  of  this  kind. 

EXERCISE  30  [is  in  old  Uat). 

VIRTUAL  IMAGE  FORMED  BY  A  LEt/S. 

Apparatus:   The  same  as  for  the  preceding  Exercise,  except  tW 

the  sheet  of  paper  need  not  be  more  than  one-half  aa  long,  and  tta' 

the  arrow  upon  it  should  be  4  cm.  long  and  about  20  pm.  distant  fnif 

Place  the  lena  between  the  arrow  and  the  (to  the  arrow)  DMU*f 
end  of  the  sheet  of  paper,  at  a  distance  from  the  arrow  equal  1" 
about  two-thirds  of  its  focal  length,  and  in  such  a  position  thatlU 
principal  axis  extends  over  the  middle  point  of  the  arrow.  Pi** 
the  small  block  (No.  25)  with  vertical  pencil-mark  pointing  sliai^ 
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down  at  the  middle  point.  No,  3,  of  the  arrow.     Turn  the  vertieal 
put  of  Uie  wire  on  the  oUier  blork  bo  that  it  will  point  up  insl^Ml 
of  down,  and  place  this  block  some  dintance  iK'hind  the  other  one. 
Holding  the  eye  20  or  30  em.  from  the  lens.  li<i.<k  Anrvgh  the  leas 
It  tiie  image  of  the  vertical  pencil- mark,  and  at  the  same  time  oMT 
the  leoH  at  the  vertical  part  of  the  wire.      Bring  the  wire  into  Ha* 
irith  the  image,  and  then  by  the  uaiial  test  find  which  of  them  ia  Uw 
e  distant.     Move  the  wire  back  and  forth  until  it  coincidn  in 
position  with  the  image.     Then  mark  wilh  a  hgure  3  tlie  point  jiwt 
under  the  vertical  part  of  the  wire.     This  represents  the  image  tt 
objcct-ptnnt  No.  3. 
In  a  similar  manner  lucate  the  imager  of  points  1,  2,  4,  and  A. 
Connect  the  image-pointa  by  titraight  lines,  from  1  to  2,  from  3  to 
3,  etc.,  thus  forming  an  image  of  the  arrow. 

Draw  a  etr^ght  line  from  each  iniage-point  to  its  correapoudliv 
object-point,  and  note  where  these  lines  will  erons  eai:h  other  it  coo- 

i68.  Fonnation  of  the    Image  in  Exercise  39. — The 

images  observed  in  Exercise  29  were  virtual  images.  Tliey 
could  not  bo  shown  upon  a  screen,  and  were  not  fonned  by 
tlie  actual  crossing  of  light  rays.  Fig.  140  will  serve  to 
illiiatrate  the  way  in  which  virtual  image-points  are  formed. 

Let  AB  be  the  object,  placed  between  the  lens  LL'  and 
the  principal  focus  F',  To  fmd  the  position  of  the  virtual 
image  of  the  point  A,  draw  Ai  parallel  to  the  principal  axia 
ot  the  lens.  This  ray  will,  after  leaving  the  lens,  pasa 
toward  F,  the  principal  focus,*  on  the  farther  aide,  and  so 
will  appear  to  have  come  along  the  path  MF. 

Draw  another  ray,  Ac,  passing  through  the  centre  of  the 
lens.  This  ray  will,  after  leaving  the  lens,  have  the  same 
Erection  as  before  entering  it  and  ivill  be  represented  by 
the  line  cJV.  If,  then,  we  carry  back  the  line  cN  till  it 
''fosses  the  line  MF,  also  carried  backward,  the  point  A', 
^'here  the  cro.'ising  occursj  is  a  point  from  which  both  of 

n  A/  and  A^  to  J"  in  I'ig.  140  are  not 
rte  of  the  rkyi  within  tb«  ey*. 
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the  rays  appear  to  come.  A\  then,  is  the  virtual  i 
oiA. 

By  a  similar  process  B^  is  f  oimd  to  be  the  virtual  i 
of  ^. 

P',  the  image  of  the  point  P,  is  here  represented  as 
in  the  straight  line  between  A'  and  B\  It  is  usua 
represented  in  books.  Exercise  29  shows  that  it  d« 
lie  there. 

The  image  -A'J5'  is  evidently  larger  than  the  object 
Whenever  a  virtual  image  is  formed  by  a  convex  lem 
image  appears,  to  an  eye  placed  near  the  lens  g\ 
other  side,  as  in  Fig.  140,  larger  than  the  real  object  1 


I 
I 


I 
1 
I 
I 
I 

Fig.  140. 

look  if  held  at  a  comfortable  seeing-distance  from  tb 
Hence  the  name  magnifying-glasSj  so  commonly  giv 
a  lens  used  as  in  Fig.  140. 

169.  Application  of  Formula. — ^The  formula  ufi 
§  163  to  express  the  relation  between  focal  length,  0 
distance,  and  image-distance,  in  the  case  of  real  image 
be  adapted  to  use  with  virtual  images  by  merely  cha 
the  sign  of  one  term,  so  as  to  make 

J^_J 1_ 
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But  little  trouble  from  this  source  is  experienced  in  the 
use  of  lenses  of  slight  convexity,  the  images  from  which  are 
not  to  be  further  magnified ;  as,  for  instance,  in  spectacles 
and  ordinary  magnifying-gjasses. 

"Stopping  out"  (see  |  170)  the  greater  portion  of  the 
surface  of  a  lens  with  a  circular  diaphragm,  which  alien'? 
light  to  puss  only  through  a  small  portion  of  the  lens  near 
its  centre,  improves  its  chromatic  performance.  How 
much  help  such  diaphragms  give  by  reducing  spherical 
and  chromatic  aberration,  may  be  learned  by  taking  out 
some  or  all  of  the  diaphragms  of  an  ordinary  cheap  spy- 
glass, and  then  looking  with  it  at  distant  objects  in  bright 
sunlight, 

172.  Achromatic  Lenses. — Fortimately  for  the  manufac- 
turers and  users  of  optical  instruments,  it  is  possible  to 
make  an  achromatic  lens ;  that  is,  a  lens  nearly 
free  from  chromatic  aberration.  This  is  usually 
'  accomplished  by  uniting  into  one  lens  two  sepa- 
rate lenses,*  one  "convex,"  or  "converging" 
(§  159),  of  crown-glass,  the  other  "  concave,"  or 
"  divergmg,"  of  flint-glass,  like  the  B  and  A  of 
Fig.  142,  the  whole  making  a  convex  combina- 
tion. In  such  a  compound  lens  the  part  A  has 
a  tendency  to  undo,  or  counteract,  the  work 
of  B.  The  superior  dispersive  power  (§  157}  of 
flint-glass  enables  A,  though  of  less  general  refractive 
power  than  B,  to  counteract  the  dispersive  tendency  of 
the  latter,  while  leaving  to  the  combination  as  a  whole  a 
considerable  refracting  and  converging  power. 

Many  of  the  lenses  used  in  optical  instruments  of  the 

best  quality  are  achromatic.     Eye-pieces  (§  187),  however, 

of  the  ordinary  pattern  do  not  require  achromatic  lenses. 

*  Sometimes  more  than  two  pieces  are  employed  in  maVing  in 
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irge  lens  practicaily  free  from  spherical  and  chron., 
ition  is  a  marvel  of  skilful  anci  patient  work.  GtesB 
lie  for  making  a  large  lens  of  the  best  quality  is  Very 
Jt  to  procure,  as  a  very  slight  flaw  or  unevennesS  of 
y  may  spoil  a  large  block.  The  shaping  and  polish- 
.d  testing  of  the  largest  lenses,  after  the  proper  kind 
w  is  obtained,  ie  a  work  of  yean,  and  men  who  are 
and  patient  enough  to  do  it  become  known  through- 
le  worid.    See  §  189. 

Qoxsnoirs  ahd  probleiu. 
In  object  is  placed  at  a  great  diitance  from  a  couvetgiitg  lena 
its  principal  axis. 

That  clumgefl  of  poution  will  the  image  of  this  object  undergo 
le  object  is  moved  along  the  principal  axis  up  to  tlie  surface 

n  what  part  of  this  operation  will  the  image  be  erect  and  in 

art  inverted  ? 

a  wtiat  part  will  it  be  real  and  in  what  part  virtual? 

n  Bxerctse  29  the  virtual  image  of  a  straight  hue  was  found 

cur\'e.     How  should  a  line  be  curved  with  respect  to  the  lens 

r  to  make  its  virtual  image  a  straight  line  ? 

lie  focal  length  of  a  certain  convex  lens  is  15  cm. 

low  far  from  the  lens  mil  the  image  be  if  the  object  is  30  cm, 

e  lens  ? 

low  far  if  the  object  is  10  cm.  from  the  lens? 

in  object  is  40  cm.  from  a  convex  lens  and  the  image  equally 

a  the  lens.     What  is  the  focal  length  of  the  lens? 

t  the  object  mentioned  in  Problem  (3)  is  5  cm.  long,  how  long 

:h  of  the  images  there  mentioned  be?    (In  answering  this 

Q  disregard  the  curvature  of  the  images.) 

i  bright  point,  which  ia  more  distant  from  a  converging  lens 

\  principal  focus  is,  sends  whitfl  light  to  the  lens.     Which  falls 

he  lens,  the  red  image  of  the  point  or  the  blue  iioage?  Why? 

Vhat  would  be  the  answer  to  the  questions  in  (6)  if  the  point 

tween  the  lens  and  its  principal  focus? 
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173.  Parts  of  the  Eye. — ^The  eye  as  an  optical  instni- 
ment  consists  of  a  liquid  lens,  A 
(Fig.  143),  called  the  aqueous kumm, 
a  solid  lens,  B,  called  the  cryslaUiM 

J  Zens,  a  transparent  jelljy-Jike  mass,  C, 

called   the   vUreous   kiaruir,   and  a 

screen,  rr,  called  the  retina,  upon 

which  the  image  of  the  object  looked 

F.O.  !43.  at  falls. 

The  aperture  at  the  back  of   the   eye  is  occupied  by 

the  optic  nerve  leading  from  the  retina  to  the  brain. 

174.  Accommodation.— Muscles  attached  to  the  lens  B 
have  power  to  change  its  form  to  some  extent,  thus  adapt- 
ing the  eye  to  see  distinctly  near  or  distant  objects  at  iiilL 
This  is  called  the  power  of  accwnvwdation. 

A.normal  eye,  that  is  a  healthy,  undistorted  eye,  has 
such  shape  as  to  give  upon  the  retina,  i^ithout  effort,  dis- 
tinct images  of  very  distant  objects.  In  aeconunodatbg 
itself  to  see  nearer  objects  such  an  eye  has  to  make  an 
effort,  which  grows  greater  as  the  distance  lessens  but 
which,  in  young  persons,  does  not  become  painful  until 
the  object  looked  at  ia  less  than  eight  or  ten  inches  from 
the  eye. 

17s.  Far-sight  and  Near-sight, — Some  eyes  lack  tiie 
power  of  accommodation  for  near  objects,  and  are  called 
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far-sighted,  or  long-sighted,  although  they  cannot  s 
tant  objects  any  better  than  normal  eyes  can. 

Some  eyes  are  slightly  egg-shaped,  the  retina  being 
farther  back  than  in  normal  eyes.  These  eyes  are  called 
near-sighted,  or  ahorl^sight&d,  because  they  are  well  adapted 
for  seeing  near  objects,  while  they  cannot  see  distant 
objects  distinctly. 

For  some  purposes  near-sighted  eyes  have  a  certain 
advantage  over  normal  eyes,  for  they  enable  their  possessor 
to  hold  an  object  very  near,  when  there  is  need,  and  so 
make  it  look  larger  than  it  would  look  to  the  normal  eye. 

176.  Eje-glasses. — Far-sighted  eyes  must  wear  convex 
lenses  to  help  them  converge  the  rays  from  a  near  object 
to  an  imagD  upon  the  retina.  Near-sighted  eyes  must 
wear  concave  lenses  to  prevent  the  rays  sent  by  a  distant 
object  from  coming  to  an  image  in  front  of  the  retina. 

The  Perception  of  Color. 

177.  The  Color-sense. — In  the  retina  are  found  the  ends 
of  the  nerves  through  which  we  get  the  sensation  of  light 
and  of  color. 

Although  the  eye  can  distinguish  scores  of  different 
tints,  it  is  believed  that  the  sets  of  nerves  operating  in  the 
perception  of  colors  are  very  few,  probably  not  more  than 
three  or  four.  Each  set  of  nerves  is  supposed  to  give  one 
peculiar  color  sensation  and  only  one;  but  the  combina- 
tion of  these  few  primary  color  sensations  in  various  pro- 
portions is  supposed  to  give  all  the  other  color  sensations. 

According  to  the  somewhat  defective  Young-Helmholta 
theory  the  primary  color  sensations  are  three — red,  green, 
and  violet. 

178.  Mixing  Color  Impressions. — The  most  convenient 
way  to  fuid  the  effect  of  mixing  color  sensations  is  to  place 
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variously  colored  pieces  of  paper  on  some  body  whieli  can 
be  made  to  spin  rapidly  before  the  observer's  eyes.  Tops  or 
other  whirling  apparatus — No.  XXXV,  for  example — can 
be  ii'5ed  for  this  purpose,  and,  indeed,  the  whole  outfit  for 
this  kind  of  experimentation  is  now  readily  obtiuned. 

EXPERIUEKT. 
Place  a  red  pajwr,  a  green  paper,  and  a  violet  paper,  upon  a  whirl- 
ing apparatus,  and  so  vary  the  proportions  of  the  visible  parte  of 
these  papers  that  when  rapidly  whirled  before  the  eye  they  will 
produce  the  effect  of  gray.  (In  the  study  of  color  all  shades  of  gray, 
from  brilliant  white  to  dead  bWk,  must  be  classed  together  as  whil*, 
the  difference  between  them  being  merely  a  difference  of  bright- 

179,  Complementary  Colors. — It  has  already  been  shown 
that  ordinary  white  light  is  composed  of  many  different 
colors,  ranging  from  red  to  violet,  but  it  is  not  necessary 
to  put  together  all  of  theee  colors  in  ordpr  to  get  the  sen- 
saH(m  of  white.  There  are  many  pairs  of  colors  any  one 
of  which  pairs  will  give  the  sensation  of  white  when  ite 
elements  are  mixed  in  the  right  proportions.  The  two 
colors  making  such  a  pair  are  called  complemenlary  to  each 
other.  Thus,  according  to  Rood  (Texl-book  of  Color), 
red  is  complementary  to  green-blue, 
orange  "  "  "  cyan-blue  (between  blue-green 

and  blue), 
yellow  "  "  "  ultramarine-blue,  I 

greenish-yellow    "  "  violet,  I 

green  "  "  purple.  ^ 

EXPERIMENT. 

place  ultramarine-blue  and  yellow  disks  upon  the  whirling  ap- 
paratus, and  BO  proportion  the  visible  parts  that  when  revolving 
rapidly  they  will  produce  the  eSect  of  gray. 

Try  the  same  experimeot  with  other  pairs  of  complementaiy 
colon. 


i8o.  Fatigue  of  the  Retina. — If  inie  looks  steadily  fur  a 
short  time  at  some  strongly  colored  object  held  against  a 
background  of  gray  or  white,  that  spot  of  the  retina  upon 
which  the  image  of  the  colored  object  falls  loses  in  part,  for 
the  time  being,. the  power  of  giving  the  particular  color 
sensation  which  it  is  fumisliing,  while  its  power  of  giving 
other  color  sensations  may  remain  as  great  as  ever.  This 
temporaiy  loss  of  power  is  called  fatigue  of  the  retina,  and 
it  may  give  rise  to  curious  effects. 

EXPERIMENT 

Hold  a  piece  of  bright-green  paper  againat  a  white  background 
and  look  very  steadily  al  one  spot  on  tliia  paper  for  tJiirty  seconds. 
Then  look  ateadily  at  some  one  spot  of  tlie  white  surface  for  a  few 
aeconda  and  note  any  peculiar  color  effect  that  ia  observed.  The 
color  complementary  to  green  will  probably  appear  as  a  patch  upon 
the  white,  the  shape  of  this  patch  being  exactly  like  that  of  the 
green  paper, 

Trj-  the  same  experiment  with  other  colors. 

i8i.  After-images. — The  effects  observed  in  the  follow- 
ing experiment  are  atill  more  curious  than  those  of  §  180. 


Look  ateadily  for  half  a  minute  at  some  pariumiar  spot  on  a  win- 
dow having  the  sky  as  a  background.  Then  close  the  eyes  and  wait 
B  few  seconds  for  the  figure  of  the  window  to  show  out  against  the 
darkness.  Watch  the  changoa  of  color  the  figure  ucdergoes,  Ob- 
sen'e  that  details  appear  in  thia  persisting  image  which  were  not 
noticed  while  the  eyes  were  open. 

"After-images"  like  the  one  here  mentioned  cannot  be 
the  work  of  memory.  They  must  be  due  to  some  change 
of  state  in  the  retina,  some  real  impression  made  there, 
which  lasts  for  a  considerable  time  but  graduallypassea 
away. 
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CHAPTER  XIV. 
OPnCAL  INSTRUMENTS. 

182.  Importance  of  Optical  Instruments. — ^Much  of  the 
progress  of  science  during  the  nineteenth  century  has  been 
due  to  improvements  in  the  construction  of  optical  instru- 
ments and  their  more  general  use  in  scientific  investigations. 

Improvements  in  telescopes  and  the  invention  and  per- 
fection of  the  spectroscope  have  enabled  the  astronomer 
fofc  discover,  and  even  to  measure,  objects  and  motions 
whose  existence  was  imsuspected  by  the  observers  of  a  few 
generations  ago.  The  chemist  is  to-day  able  by  means 
of  the  spectroscope  to  ascertain  in  a  few  minutes  the 
presence,  in  a  substance  of  imknown  composition,  of 
elements  which  it  would  have  taken  him  days  to  detect 
by  purely  chemical  means. 

To  the  physician,  the  food -analyst,  the  manufacturing 
druggist,  and  to  those  engaged  in  many  other  professional 
or  technical  occupations,  the  microscope  is  a  necessary 
piece  of  apparatus,  a  tool  of  daily,  ahnost  hourly  use. 

Optical  instruments  comprise  a  great  variety  of  com- 
binations of  mirrors,  lense,  and  prisms.      Only  some  af 
the  simpler  ones  can  be  referred  to  in  an  elementary  bool^ 
on  physics. 

183.  The    Photographer's    Camera. — ^This    instrumen-"* 

consists  essentially  of  a  box  in  the  front  of  which  is  fastened 

a  convex  lens  or  a  combination  of  lenses,  L  (Fig.  144),  thi-^ 
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distance  of  which  from  a  (trounti-nlaM  screen,  /',  at  > 
other  end  of  the  box.  can  hv  vuriecl  mI  «ill.  An  invcn 
and  usually  diminished  real  image  of  any  outside  ohjoct 
not  too  near  L  can  be  forme<l  on  /*.  When  thia  adjust- 
ment has  been  precisely  nia^le,  the  lenses  arc  covcivtl  «ith 
an  o|>aque  cap;  a  ])late  of  ordinary  ^latis,  coated  with  a 
film  of  ^latLne  made  eeositive  tu  light  by  the  i)^^^!!^^  ill 
it  of  certain  compounds,  usually  of  silvttr,  ia  subslituted 
for  P;   the  cap  is  then  removed,  and  thu  light  is  allowed 


to  act  for  a  sufficient  time  upon  the  sensitive  plate,  after 
vhich  the  cap  is  replaced  and  the  plate  removed  and 
"developed"  into  a  photographic  "negative." 

Those  who  are  interested  in  practical  photography  will 
find  in  !Exercise  28  some  explanation  of  the  difficulty  ex- 
perienced in  making  all  parts  of  the  ground-glass  screen 
show  clear  images  at  the  same  time;  and  in  §  170  there  is 
*  su^estion  as  to  the  effect  of  "diaphragms"  with  larger 
or  smaller  holes. 

184.  The  Magic-lantern. — This  instrument,  known  also 
"Y  various  other  names — slereopticon.  for  instance — requires 
1  powerful  source  of  light,  such  as  a  large  kerosene-flame, 
'*'■  some  form  of  calciiim-Iight  A  (Fig.  145),  in  which  a 
I'y'inder  of  quicklime  is  heated  by  a  flame  formed  by  bum- 
"ig  together  oxygen  and  coal-gas,  or,  best  of  all,  the  electric 


arc-light.  By  means  of  a  lai^  lens  B  (Fig.  145),  called 
the  condenser,  a  powerful  beam  of  lig^t  from  this  source 
is  thrown  upon  the  painted  or  photographed  "slide,"  the 


image  of  which  is  to  be  exhibited.  This  slide  is  pushed 
into  the  opening  C,  a  little  outride  the  focus  of  a  smaller 
convex  lens  or  a  pair  of  such  lenses,  D,  and  s  greatly 
enlarged  real  image  of  the  slide  is  thrown  upon  the  screen. 

The  throwing  of  large  images  upon  a  screen  is  called 
projection  of  these  images,  and  apparatus  used  for  this 
purpose  is  called  projecting  apparatus. 

There  are  contrivances  by  means  of  which  the  imi^  of 
an  opaque  object,  a  picture  on  a  printed  page,  for  example, 
may  be  projected,  the  necessary  illumination  of  the  object 
coming  obliquely  from  the  side. 

185.  Projecting  a  Spectrum. — A  kind  of  sjwctrum  has 
been  shown  in  the  experiment  of  §  112,  but  a  better  dis- 
persion of  the  colors  can  be  obtained  by  means  of  some 
device  like  that  described  in  the  following  experiment.  If 
sunlight  is  not  available,  the  stereopticon,  if  provided  with 
a  calcium  light  or  an  electric  arc-light,  can  be  successfully 
used,  the  prism  being  placed  in  the  path  of  the  rays  aiiet 
■they  have  traversed  the  projecting  lens. 
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By  means  of  a  porte-lumi&re  (No.  XXX)  throw  a  beam  of  sunlight 
through  a  narrow  slit  at  S,  Fig.  146.  Place  a  lens,  L,  in  the  path  of 
the  beam,  and  adjust  it  so  as  to  throw  a  distinct  image  of  the  slit 
on  a  screen  at  /.  Now  introduce  a  prism,  P  (No.  XXXII),  in  the 
position  shown  in  the  figure,  and  then  place  the  screen  at  RR', 
making  the  distance  PR  equal  to  PI.  The  prism  used  may  be  of 
fiint-glass,  or,  better,  may  be  hollow  and  filled  with  the  highly  dis- 
persive liquid  bisulphide  of  carbon. 

Examine  the  spot  of  colored  light  on  the  screen.  (1)  How  many 
colors  can  be  distinctly  seen?     (2)  Do  they  blend,   or  are  they 
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riiarply  separated  from  each  other?  (3)  Which  color  is  most  re- 
fracted? least  refracted?  Try  the  effect  of  passing  the  emergent 
pencil  through  a  second  prism  similar  to  the  first,  and  placed  so  as 
to  refract  the  light  in  the  same  direction  as  the  first. 

Try  the  effect  with  a  second  prism  so  placed  as  to  refract  in  the 
Opposite  direction  from  the  first. 

i86.  The  Simple  Microscope. — In  its  least  complicated 
form  the  simple  mici'oscope,  or  magnifying-glass,  consists 
of  a  convex  lens  used,  as  explained  in  §  168,  to  form  an 
upright  magnified  image  of  any  small  object.  When 
much  magnifying  power  is  required,  two  or  even  three 
convex  lenses,  mounted  one  over  the  other  with  their  sur- 
faces only  a  few  millimeters  apart,  are  often  used.  Such 
combinations  are  called  dovblels  or  trijdels,  according  to 
the  number  of  lenses  composing  them.  They  have  certain 
advantages  over  single  lenses  of  equal  magnifying  power. 

The  discussion  in  3  168  will  help  the  student  to  see  t 
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the  magnifying  power  of  a  simple  microscope  is  greater 
as  its  focal  length  is  less. 

187.  The  Compound  Microscope. — ^For  viewing  objects 
under  any  but  the  lowest  nnagnifying  powers,  that  is,  in  all 
eases  where  the  apparent  diameter  of  the  image  is  to  be 
anywhere  from  50  to  5000  times  the  actual  diameter  of  the 
object,  the  compound  microscope  is  employed.  The  essen- 
tial optical  parts  of  this  instrument,  as  usually  constructed, 
are  (see  Fig.  147),  an  eye-piece,  LI! ,  here  represented  as 


single,  but  generally  consisting  of  two  convex  lenses,  ano 
an  objective,  II,  frequently  consisting  of  from  two  to  si* 
pieces.  These  lenses  are  fixed  in  a  brass  tube  so  arrangwi 
that  the  distance  between  the  eye-piece  and  the  objective 
can  be  varied  at  will,  within  certain  limits.    A  mirror, 
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not  here  shown,  which  is  adjustable  to  any  derired  angle, 
is  usually  employed  for  throwing  h^i  upnn  the  object. 

The  object  to  be  viewed  is  placvfJ  on  a  pUtfona  beneath 
the  objective,  and  is  strongly  illuminabul  by  li||j)t  refirrtod 
from  the  mirror.  A  real,  JnA'erted,  mA^ilied  inta^,  M,S„ 
of  the  object  is  formed  within  the  tube  of  the  instrument 
at  a  position  somewliat  nearer  to  the  e>'»-ptce«  than  it« 
principal  focus.  This  real  image  ia  therefore  rnagiiifini 
by  the  eye-piece,  which  forms  an  enlar^l  virtual  image, 
A'B\  of  it  at  a  position  not  far  from  the  object. 

The  foci  of  the  object-glass  are  at  /  and  f,  those  of  the 
eye-piece  at  F'  and  F. 

The  total  magnifying  power  of  the  iDMtnnoeat  ia  Uut  of 
the  objective  moltipHed  by  that  of  the  eye-^neoe.  In 
general,  the  shorter  the  focal  lengtli  of  a  mieroMope 
objective  the  greater  its  magnifying  power. 

An  objective  of  one  inch  focal  length  will,  on  a  tube  10 
inches  long,  give,  with  the  lowest  power  eye-piece  in  com- 
mon use  (the  "A"  eye-piece),  a  magnification  of  about  50 
diameters;  with  an  eye-piece  of  double  the  magnifying 
power  ("B"  eye-piece)  the  total  magnification  will  be 
about  100  diameters,  and  so  on. 
EXPERimirr. 

Fasten  a.  page  of  fine  print,  P  in  Fig.  148,  upright  on  &  table  in  a 
good  light.  Set  up  in  front  of  it  a  ehort-Cocus  convex  lens,  L,  at  a 
distance  from  the  page  somewhat  greater  than  the  focal  length. 


Hold   another    short-rocus    convex   lens,  L',  in  va 
Urtber  from  the  page  until  one  portion  ia  found  ii 


close  to  U  sees  through  it  an  inverteil,  magnified  image  of  the  print, 
this  being  a  virtvat  image  of  the  real  image  formed  by  the  lens  L 
This  apparatus  is  a  rude  model  of  the  compound  microscope 

l88.  The  Astronomical  Refracting  Telescope. — This  in- 
strument consists  essentially  of  the  long-focus  objedrgUai, 
or  objective,  L  (Fig.  149),  mounted  in  one  end  of  a  tube,  at 


the  other  end  of  which  is  placed  an  eye-piece,  L',  pracisdy 
similar  to  that  of  the  compound  rnicroscope.  The  eye- 
piece can  be  moved  toward  or  away  from  the  object-glasa 
in  order  to  make  the  image  appear  as  distinct  as  pospible. 

The  real  image,  A,B„  of  any  distant  object  is,  of  course, 
always  formed  by  the  objective  very  near  its  principal  focus. 
The  foci  of  the  eye-piece  are  at  F  and  F'.  A'B'  is  the 
magnified  virtual  image. 

Astronomical  telescopes  are  always  furnished  with 
achromatic  object-glasses  (§  172). 

EXPERIUENT, 
Mount  upon  bloclta  two  convex  lenses,  one  of  30  or  40  cm.  focsl 
length,  the  other  of  about  5  cm,  focal  length.  Set  them  up  on  the 
table  with  their  principal  axes  coincident — tiat  is,  with  their  centrra 
on  the  same  straight  Ime  at  right  ajigles  to  the  centres  of  their  faces. 
Mount  a  bit  of  tracing-paper  or  greased  writing-paper,  and  plaeo 
this  screen  in  such  a  position  between  the  lenses  that  the  one  of 
greatest  focal  length  shall  throw  upon  it  a  distinct  image  of  some 
distant  bright  object.  Look  a.t  this  image  on  the  translucent  paper 
through  the  5-cm.  lens.  Choose  such  a  position  and  distance  as  to 
^ve  a  clear  virtual  image,  ua  much  inagoiSed  as  poBsible,  of  Qd 
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im)  inaiie  on  the  sn^n.     Xow  rcniove  the  armm.  t  "e  th&t 

virtual  iniaff  of  the  real  imape  i."  still  rurible. 
189.  Efficiency  of  the  Telescope.— The  uaef  ulneas  of  the 
telescope  as  an  aid  to  vision  depen<:l8  upon  the  following 
points:  (a)  the  clearness  and  sharpness  of  the  image,  or 
what  is  called  the  definition  of  the  instrument;  (b)  tho 
brilliancj'  of  the  image;  (r)  the  amount  of  allowable  mag- 
nification. 

Good  definition  depends  upon  the  accuracy  with  which 
the  lens  is  shaped  and  finished,  and  upon  the  quality  of 
the  glass,  which  should  be  free  from  flaiss. 

Brightness  depends  upon  the  amount  of  light  wliich 
can  be  concentrated  in  the  different  parts  of  the  image. 
Hence  a  large  objective  will,  other  things  being  equal, 
give  the  best  illumination.  In  some  recent  telescopes 
the  objective  has  a  diameter  of  3  feet  or  more. 

The  magnification  due  to  the  objective  is  evidently 
very  nearly  proportional  to  the  focal  length  of  the  objec- 
tive. See  Fig.  140,  where  the  length  AfB,  is  evidently 
proportional  to  its  distance  from  C.  But  unless  the  ob- 
jective ia  large,  and  therefore  gathers  in  much  light  from 
the  object,  it  is  useless  to  give  it  great  focal  length,  for 
the  reason  that  the  much-magnified  image  would  be  too 
faint  to  be  seen  to  advantage. 

QDEsnoirs  Aim  problehs. 

(1)  How  could  you  find  the  weight  of  a  body  that  will  float,  if  you 
had  no  balance  but  had  avesael  filled  with  water  and  a  "graduated" 
glaaa  flask — that  ia,  a  flask  with  marks  upon  it  showing  the  number 
of  cu.  cm.  required  to  fill  it  to  certain  depths? 

(2)  If  a  liter  of  hydrogen  weighs  .0896  gm.  and  if  the  sp.  gr.  of 
o.tygtsn  as  compared  with  hydrogen  is  IG,  what  is  the  weight  of  1 
cu.  m.  of  oxygen? 

(3)  A  certain  volume  of  mercury  of  density  13.6  weighs  216  gm., 
and  the  same  volume  of  another  liquid  weighs  14.8  gm.  Fird  the 
density  of  the  second  liquid. 
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(4)  A  piece  of  iron  weighs  200  lbs.  in  air  and  172.6  Iba  in' 
How  great  is  its  sp.  gr.  ? 

(5)  A  gi\'en  body  weighs  500  gm.  in  air  and  400  gm.  in  watei; 
(a)  How  great  is  its  volume? 
(h)  How  great  is  its  sp.  gr.? 

(6)  A  board  12X 6X 1  in.  weighs  1.5  lbs.     What  is  itB  denaty 
lbs.  per  cu.  ft.  ? 

(7)  A  cubical  block  of  wood  15  cm.  along  the  edge  weii^  11 
gm.     What  is  its  density? 

(8)  A  30  cu.  cm.  body  weighs  10  gm.  in  water.     How  great  ifl 

sp.  gr.  ? 

(9)  What  is  the  volume  of  a  body  which  weighs  25  gUL  in  ab 
20  gm.  in  water? 

(10)  A  body  weighs  180  lbs.  in  water  and  120  lbs.  in  a  liquid  that] 
is  1.8  times  as  dense  as  water.  Find  the  voliune  and  the  sp.  gr.  of  | 
the  body. 

(11)  How  much  will  a  kgm.  weight  of  sp.  gr.  7  weigh  in  a  BqaU 
which  is  0.8  as  dense  as  water? 

(12)  A  cubical  box,  3  ft.  square  on  a  side,  made  of  2  in.  plank  of 
sp.  gr.  0.5,  has  a  bottom  but  no  top.  It  contains  a  body  weifl^uog 
100  lbs.  To  what  depth  will  this  box  sink,  upright,  in  vaterT 
(Bulk  of  wood = exterior  volume— interior  volume.) 

Ans.  6.7  in.,  neariy. 

(13)  The  sp.  gr.  of  air,  as  compared  with  water,  is  about  .00199 
at  0°  C.  under  ordinary  atmospheric  pressure.  How  many  gnitf 
would  equal  the  buoyant  force  exerted  by  air  in  this  condition  upim 
a  cu.  m.  of  any  substance? 

(14)  If  the  sp.  gr.  of  a  certain  block  is  0.3  and  its  volume  100  CO. 
cm.,  how  much  of  it  would  be  submerged  if  it  were  floating  in* 
liquid  of  sp.  gr.  2? 

(15)  A  rod  floats  one-half  submerged  in  a  liquid  of  sp.  gr.  0.91 
How  much  of  it  would  be  submerged  in  a  liquid  of  sp.  gr.  3? 

(16)  There  is  a  uniform  rod  6  ft.  long  and  4  in.  square,  of  spi  gr. 
0.5.  What  must  be  the  sp.  gr.  of  a  cubical  piece  of  metal  4  in.  on 
the  edge  which,  when  attached  to  the  rod,  would  just  hold  it  sub- 
merged in  water? 

(17)  If  a  diver  with  his  suit  weighs  200  lbs.  and  it  takes  ^  of  * 
cu.  ft.  of  lead,  sp.  gr.  11.4,  to  keep  him  submerged  in  fresh  ynA0ft 
how  many  cu.  ft.  of  water  does  he,  in  his  suit,  displace?  ^ 

(18)  Two  boys  are  pulling  at  a  rope  in  oppodte  dinottoi 
with  a  force  of  25  lbs. 


I        C*)   How  great  is  the  tension  on  the  rope? 

1        (h)   How  great  would  you  call  the  tension  if  the  rope  were  tied  to 

]    a  beani  and  supported  a  weight  of  25  lbs  7 

I        (19)   A  uniform  beam,  12  ft,  long  and  weighing  300  Iba,,  resto, 

horizontal,  on  a  fulerum  2  ft  from  one  end.  How  niuth  weight 
,  must  be  applied  at  this  end  to  make  the  beam  balance  in  its  present 
I    position  ? 

(20)  («)  Find  the  direction,  position,  and  magnitude,  of  the  equi- 
;   librant  (5  73)  of  two  forces,  parallel  and  in  the  same  direction,  one  of 

wiiich  is  10  lbs  and  the  other  12  lbs.,  their  lines  of  action  being  3  ft. 

(6)  Find  the  direction,  position,  and  magnitude,  of  the  resultant 
of  the  same  two  forces. 

(21 J  One  end  of  a  horizontal  beam  20  ft,  long  and  weighing  50  lbs, 
rests  upon  a  wall,  and  the  other  end  is  supported  by  a  rope  that  will 
bear  only  85  ibs  A  boy  weighing  100  lbs.  walks  slowly  along  the 
beam  from  the  wall  toward  the  rope.  How  far  from  the  rope  will 
Uie  boy  be  when  it  breaks? 

(22)  A  hammer  is  used  to  draw  out  a  nail  from  a  board.  The 
head  of  the  hammer  rests  against  the  board  at  a  distance  of  3  in. 
from  the  nail.  A  force  of  50  lbs.  is  appUed  at  right  angles  with  the 
handle  at  a  point  12  inches  from  the  I>oard.  How  great  is  the  force 
exerted  by  the  hammer  on  the  nail?     (This  case  is  similar  in  prinei- 

.   pie  to  some  of  those  discussed  in  connection  with  the  pulley.     See 
Experiments  under  §  74,) 

(23)  It  a  force  of  50  lbs.  is  applied  at  the  end  of  the  handle  of  a 
"jack-screw"  18  in.  from  the  centre  of  the  screw,  and  if  one  revolu- 
tion of  this  screw  lifts  a  weight  0.5  in.,  how  great  ia  this  weight, 
if  there  is  no  friction? 

(24)  A  sled  weighing  with  its  load  50  lbs,  rests  on  the  side  of  a 
hill  rising  1  ft.  in  a  distance  of  5  ft,  along  the  incline. 

(a)  How  great  a  force  acting  parallel  to  the  incUne  is  needed  to 
keep  the  sled  from  sliding  downward  if  there  ia  no  friction? 

(&)  If  the  crust  on  the  snow  is  just  strong  enough  to  bear  the  sled 
under  these  conditions,  how  much  would  the  load  on  the  sled  have 
to  be  lightened  in  order  that  a  similar  crust  might  bear  the  sled  on  a 
level? 

(25)  An  inclined  plane  rising  at  an  angle  of  45°  has  a  load  of  50 
.  lbs.  resting  upon  it.  How  large  a  horizontal  force  will  be  needed  to 
U  keep  this  load  moving  up  the  incline  if  there  is  no  friction? 
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(26)  A  h  on  ion  tal  force  of  10  lbs.  is  required  to  keep  a  certain  body 
moving  along  a.  horizontal  surface  wilh  which  its  coefficient  oE  fric- 
tion is  0.2.     How  great  is  the  weight  of  the  body? 

(27)  A  muss  of  100  lbs.  rcata  upon  an  inclined  plane  10  ft.  long  and 
i  ft.  high. 

(a)  How  great  must  be  the  resistance  of  friction  to  keep  the  bod; 
from  sliding  down  the  incline? 

(6)  How  great  must  the  coefficient  ot  friction  be? 

(28)  A  door  3  ft.  wide  and  weighing  40  lbs.  is  borne  by  two  hinges 
5  ft.  apart.     How  great  is  the  horizontal  pull  on  the  upper  liinge? 

(29)  If  in  Fig.  86  the  weight  of  the  man  is  !60  lbs.,  if  his  c.  of  g.  is 
2.5  ft.  above  his  feet  and  1.5  ft.  out  from  the  ladder,  how  great  \a 
the  pull  on  the  chain? 


(30)  Two  lights,  A  and  B,  are  placed  20  ft  apart.  The  power  of  A 
is  to  that  of  B  as  4  to  9.  At  what  point  between  them  must  a  screen 
be  placed  in  order  to  be  equally-  lighted  up  on  both  sides? 

(31)  The  distance  of  the  planet  Neptune  from  the  sun  being 
2,800,000,000  miles,  neariy,  how  long  does  it  take  a  wave  of  light  to 
go  from  the  sun  to  Neptune? 

(32)  What  ia  the  height  of  a  tree  which  casta  a  shadow  1 00  ft  long, 
when  an  upright  rod  S  ft.  tall  easts  a  shadow  7  ft.  long? 

(33)  The  Image  of  an  upright  stake  8  ft.  tall  and  10  ft.  from  a 
window-shutter  appears  on  a  screen  4  ft.  beyond  tile  shutter.  The 
aperture  in  the  shutter  through  which  the  light  passes  from  the  stake 
to  the  screen  is  very  small.     How  great  ia  the  length  of  the  image! 

(34)  The  clock  on  a  wall  indicates  9  30  What  time  will  it  appear 
to  indicate  if  the  observer  sees  the  reflection  of  the  clock  in  a  mirrci 
on  the  opposite  wall  but  docs  not  distinguish  the  numerals? 

(35)  A  plane  mirror  lies  upon  a  table  and  a  pencil  6  in,  tall  standi 
upright  on  one  edge  of  the  mirror.  How  wide  must  the  mirror  be 
in  order  that  a  person  whose  eyes  are  5  in.  above  its  surface  and  20 
in.  distant  fromtlie  pencil  may  just  see  the  whole  length  of  the  pendl 
reflected  in  the  mirror?  (To  be  solved  by  drawing  and  measuring. 
The  thickness  of  the  glass  is  to  be  neglected.) 

(36)  Prove  that,  if  an  object  is  placed  in  front  of  a  plane  mirror 
and  the  mirror  is  moved  either  toward  or  from  the  object,  withoul 
tumitig,  the  image  will  mo\f  twice  as  far  as  the  mirror. 

(37)  Prove  that,  if  a  candle  is  placed  in  front  of  a  vertical  plane 
mirror  and  the  mirror  is  turned  45°  about  a.  vertical  axis,  the  iniagB 
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(50)  A  rod  5  cm.  long  held  in  front  of  a  convex  lens,  at  righ^ 
angles  with  the  principal  axis,  has  an  image  25  cm.  long  upon  & 
screen  distant  100  cm.  from  the  lens.  How  great  is  the  focal  length 
of  the  lens? 

(51)  An  object  4  cm.  long,  placed  20  cm.  from  a  certain  lens  and 
at  right  angles  with  the  principal  axis,  has  a  real  image  10  cm.  dis- 
tant from  the  lens.  If  the  same  object  were  placed  5  cm.  distant 
from  the  same  lens, 

(a)  Would  the  image  be  real  or  virtual? 

(6)  How  far  from  the  lens  would  the  image  be? 

(c)   How  great  would  the  length  of  the  image  be? 

(52)  Sunlight  shines  through  a  window  in  the  south  wall  of  a 
room,  strikes  on  a  plane  mirror  hanging  on  the  east  wall,  and  is 
thus  reflected  to  the  north  wall,  where  it  shows  as  a  bright  patch 
of  light.  When  a  small  object  is  placed  near  the  mirror  two  shadoiw 
of  this  object  fall  on  the  bright  patch.     Explain,  with  diagram. 

(53)  If  a  simple  camera  should  be  made  out  of  a  box  and  a  double 
convex  lens  of  12  inches  focal  length, 

(a)  How  deep  must  the  box  be  in  order  to  give  an  image  of  the 
sim? 

(6)  What  should  be  its  depth  in  order  to  give  an  image  of  a  sniall 
object  which  is  10  feet  distant  from  the  front  of  the  camera? 

(c)  If  the  centre  of  the  image  of  a  flat  object  is  in  good  focus,  how 
must  the  distance  from  lens  to  rear  of  box  be  changed  in  order  to 
focus  the  edges  of  the  image? 


CHAPTER  XV. 

PROPER'nES  OF  SOLID  BODIES. 

190.  Introductory. — Yery  many  bodies,  such  as  pieces 
of  wood,  stone,  and  metal,  have  a  shape  of  their  own 
which  they  will  keep  under  all  ordinary  conditions.  These 
are  called  solid  bodies  or,  for  brevity,  solids. 

Plainly  distinguished  from  this  class  is  another,  made 
up  nf  bodies  such  as  air,  water,  oil,  etc.,  which  adapt 
their  shape  to  the  vessel  they  may  happen  to  be  contained 
in,  showing  no  tendency  to  keep  any  form  which  can  be 
called  their  own.  Bodies  of  this  second  class  are  called 
fluids,  a  name  which  includes  gases,  as  air,  and  liquids, 
as  water. 

The  same  substance  may  be  at  times  solid  and  at  times 

fluid.     We  are  all  familiar  with  at  least  one  substance 

Mstich  occurs  commonly  in  each  of  the  three  states  here 

I  6amed — the  solid  state,  ice;  the  liquid  state,  water;   the 

gaseous  state,  steam. 

The  student  has  already,  from  common  experience  and 
from  Chapters  III.  and  IV.  of  this  book,  gained  some 
knowledge  of  liquids  and  gases.  Now  we  are  to  study 
Some  properties  of  solid  bodies,  the  properties  which 
tlistinguish  them  from  fluids.  In  doing  this  we  shall  get 
a.h  idea  of  the  kind  of  knowledge  of  materials  which  en- 
gineers and  other  builders  must  have  in  putting  together 
framed  structures,  like  houses,  bridges,  and  boats,  upon 
the  strength  and  stability  of  which  we  are  dependent 
every  day  of  our  lives. 
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The  properties  which  we  shall  study  are  tenacUyj  that 
is,  resistance  to  breaking  apart  under  a  straight  pull,  and 
elasticity  of  various  kinds. 

Tenacity. 

191.  Illustration  and  Definition. — When  an  engineer 
wants  to  know  how  large  a  rod  of  a  given  material  he 
must  use  to  suspend  a  given  load,  he  first  inquires  how 
heavy  a  load  could  be  borne  by  a  rod  of  the  same  material 
and  quality  1  sq.  in.  or  1  sq.  cm.  in  cross-section.  We 
will  suppose  that  he  finds  the  load  required  to  break  a 
rod  1  sq.  cm.  in  cross-section  to  be  4000  kilograms.  Then 
he  sees  that,  if  the  load  to  be  sustained  is  20,000  kgm., 
he  must  use  a  rod  at  least  5  sq.  cm.  in  cross-section.  In 
fact,  he  would,  to  make  perfectly  sure,  use  a  rod  two  or 
three  times  as  large  at  that. 

It  is  evident  that  experiments  made  on  the  force  re- 
quired to  break  one  rod  would  be  of  no  use  in  regard 
to  another  rod,  unless  the  sizes,  or  at  least  the  relative 
sizes,  of  the  two  rods  were  known.  Accordingly,  people 
who  make  it  their  business  to  get  the  information  needed 
by  engineers  measure  the  jorce,  F,  required  to  break  a  rod 
of  given  material,  and  also  the  area  of  cross-section,  S,  of 
the  rod,  and  then  record  the  ratio  F-^S  as  the  tenacity,  or 
*' breaking-strength,'^  of  this  material.  The  experiments 
may  be  made  on  fine  wires,  instead  of  rods,  but  even 
in  such  cases  the  tenacity  found  may  be  expressed  as  so 
many  kilograms  per  square  centimeter  of  cross-section.  In 
the  following  exercise  the  pupil  will  find  F  and  S  for  a 
piece  of  spring-brass  wire  and  calculate  the  tenacity  F-rS] 
that  is,  the  number  of  kilograms  it  would  take  to  break  a 
bar  of  brass  1  sq.  cm.  in  cross-section  if  it  had  the  same 
quality  as  the  fine  wire  actually  used. 
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PHYSICS. 

Repeat  the  experiment  a  number  of  times,  using  each  tJ 
piece  of  wire. 

Take  the  averaRe  of  tke  readings  •  made  at  the  several  breakinp   ' 
as  the  true  Htrength  of  the  wire,  rejecting,  however,  any  trials,  it 
there  are  Buch,  in  which  the  wire  breaks  at  either  fastening. 

Measure  the  diameter  of  an  unbroken  piece  of  the  wire  in  thou- 
Bftndths  of  a  centimeter,  by  means  of  the  screw- calipers,  and  wlra-   j 
late  the  area  of  ita  cross-aection  as  a  fraction  of  a  square  centimetn.  _ 

Calculate  the  number  of  kilograms  of   force  that  would  fa 
quired  to  break  a  rod  of  brass  1  sq.  cm.  in  crosa-secti 
the  same  quaUty  and  condition  as  the  brass  of  the  wire.f 

192,  Introductory  to  Exercise  31. — The  preceding 
ercise  illustrates  what  is  meant  by  tenacity,  or  breakinf- 
Htrength,  and  how  it  may  be  mesured.  The  next  Exfrciae  1 
will  show,  in  one  or  two  simple  cases,  the  variation  of  f 
tenacity  with  the  nattire  or  condition  of  the  metal. 

It  will  serve  also  to  direct  attention  to  the  difieroit 
ways  in  which  wires  break  under  a  steady  pull,  some  break- 
ing  suddenly,  almost  without  warning,  others  stretching 
very  considerably  before  the  final  rupture  comes,  thus 
showing  not  only  strength,  but  toughness,  which  is  a  very 
valuable  quality  for  many  purposes.    The  steel  of  \^ch 

used,  care  must  be  taken  to  avoid  mjury  to  the  hande  from  there- 
coiling  hook  of  the  balance  when  the  wire  breaks. 

*  When  a  spnng-balanee,  graduated  for  uae  in  the  vertical  pott-  , 
tion,  is  placed  unstrained  in  Wie  horizontal  position,  the  index  reatl 
behind  the  zero-mark.  The  force  required  to  bnng  the  index  out  to 
the  zero-mark  when  the  balance  is  m  this  position  can  be  found  tri^ 
sufficient  accuracy  by  means  of  another  much  more  sensitive  spriBfr 
balance,  or  by  attaching  to  the  hook  one  end  of  a  string  reaclu^ 
over  a  pulley  and  bearing  a  known  weight  at  the  other  end.  TTw 
force  ia  to  be  added  to  the  actual  readings  of  the  iiaiance  in  orderte 
find  the  true  force  exerted  by  it  in  the  horizontal  position.  iSce 
Exereisc  15.) 

t  In  fact,  the  quality  of  n  rod  is  not  the  same  as  the  qualilv  of  • 
fine  wire  The  wire  ia  much  stronger  in  proportion  to  its  aire  thM 
the  rod.  The  working  over  which  the  muterial  get»  while  bdm 
fashioned  into  wire  seems  to  knit  the  particles  more  firmly  logetber. 
It  certainly  brings  them  more  closely  logetlier,  for  the,  specific » 

ity  of  a  given  material  in  the  form  of  w'—  — "-  ~ ■' 

laigsr  forms. 
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armor-plates  for  ships  is  made  is  not  only  strong,  but  it  u 
80  tough  that  a  big  solid  shot  fired  against  the  armor  may 
bed  itself  in  the  steel,  as  a  stone  bwla  itself  in  moist  clay, 
without  seriously  cracking  the  plate. 

The  distance  tliat  a  piece  of  metal  will  stretch  before 
hreaking,  divided  by  the  length  before  stretching,  is  called 
its  elongation.  Some  specimens  of  manganese  steel  (§  195) 
are  said  to  have  an  elongation  as  great  as  50  per  cent. 

EXERCISE  31  (IT  in  old  KM). 
COMPABrSON  OF  WIRES  r?f  BREAKI\0  TESTS. 

AppaTolvs:  Two  pieces  of  spring-brass  wire  just  like  that  used 
in  the  preceding  Exercise,  and  two  pieces  of  annealed  soft  iron  wire 
of  the  same  diameter  and  of  about  the  eanie  length  as  the  brass 
wire.  A  candle.  Other  apparatus  as  in  (he  preceding  Exercise. 
The  lengths  of  the  guards  used  on  the  bar  of  the  balance  should 
vary  with  the  strength  of  the  viire  used. 

Brass  Wihb. — Measure  the  diameter  of  a  piece  of  the  brass  wire. 
Light  the  candle  and  hold  one  end  of  the  wire  in  the  flame*  for  a 
few  seconds.  Then  hold  the  two  ends  of  the  wire  across  each  other, 
pinching  each  about  1  cm.  from  the  tip,  and  try  to  bend  one  by 
means  of  the  other.     Which  is  the  stiffer? 

Hold  the  middle  point  of  one  of  the  brass  wires  in  or  over  the 
candle-flame,  taking  much  care  to  avoid  pulling  on  the  heated  part, 
until  the  metal  yields  a  Uttle.  Then  attach  the  wire  to  the  balance 
and  to  the  upright  cylinder,  precisely  as  in  the  preceding  Exercise. 
Pull  and  note  the  force  required  to  break  the  wire.  Note  whether 
the  wire  broke  at  the  point  that  had  been  heated.  Treat  the  other 
brass  wire  in  the  same  way. 

Iron  Wire. — Measure  the  diameter  of  the  iron  wire  before  break- 


at  one  of  the  broken  ends. 

*  A  very  hot  flame  like  that  of  a  BunEien  burner  will  melt  the  wire. 
Even  the  candle-flame,  if  applied  too  long,  amy  reduce  the  diameter 
of  the  wire  appreciably,  burning  it  away. 
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QrBSTiONfl. — Does  heating   (or  "annealing")   spring-bnl 
increase  or  decrease  its  stiffness? 

Doea  it  increase  or  decreaee  its  atrengtii? 

Is  the  particular  pieee  of  soft  iron  wire  used  stronger  ta  % 
than  tho  annesJed  brass  wire  of  the  same  diameter?     Is  it  bI 
or  weaker  than  the  unannealed  spring-brass,  as  tested  in  the  pi 
ceding  Exercise? 

Calculate  the  number  of  kiloRTams  of  force  that  would  be  : 
quired  to  break  a  rod  of  soft  iron  I  eq.  cm.  in  cross-section,  If 
were  of  the  same  quality  and  condition  as  the  iron  wire  here  used. 

How  great  ia  the  elongation  of  the  iron ;  that  is,  the  ratio  of  W 
increase  of  length  to  the  original  length?  (The  increase  of  letg 
is  to  be  calculated  from  the  measured  decrease  of  diameter  cauK 
by  the  breaking  puU.  This  calculation  assumes  that  the  ooiw 
is  not  changed  by  the  stretching,  which  is  not  quite  true,  n 
volume  is  slightly  increased  by  stretching,  the  density  diminishing 

193.  Cohesion. — The  preceding  Exercise  illustrates  Bomi 
of  the  changes  which  can  easily  be  made  in  the  proper 
ties  of  metals.  There  are  many  such  changes  and  ni 
one  can  tell  just  why  they  occur  as  they  do.  In  fact,  K 
one  can  at  present  explain  tenacity.  Why  does  it  tab 
force  to  break  a  wire?  We  may  say,  of  course,  that  there 
is  an  attraction  of  neighboring  particles  of  metal  for  each 
other,  which  we  call  cohesion;  but  that,  after  all,  is  merely 
saying  that  it  requires  force  to  pull  them,  or  keep  thenif 
apart,  when  they  are  near  each  other.  If  cohesion  ex- 
plains tenacity,  what  explains  cohesion? 

No  satisfactory  answer  to  this  question  can  now  ba 
made,  in  spite  of  all  the  attention  that  has  been  given  tt 
the  subject,  and  perhaps  none  ever  will  be  given,  but  thai 
should  not  discourage  us  from  trjing  to  find  out  all  we  can 
about  the  properties  of  bodies;  partly  because  the  facU 
we  discover  may  be  of  great  practical  use.  and  ittTtll-i- 
because  so  many  wonderful,  and  seemingly  ur 
able,  things  have  been  found  out,  that  it  is 
of  any  fact  of  nature  as  hopelessly  out  of  ^ff 
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194.  Order  of  Tenacity. — Arranged  in  the  order  of  their 
tenacity,  the  following  metals  must  be  placed  thus:  steel, 
iron  (see  §  195),  copper,  zinc,  tin,  lead.  Steel  may  be 
twenty  tiinra  as  strong  as  zinc  and  fifty  times  as  strong  as 
lead.  Silk  fibre  may  be  one-third  as  strong,  and  some 
kinds  of  wood,  lance-wood  for  instance,  one-sixth  as 
strong  as  steel  of  the  same  size. 

{%  195.  Iron  and  Steel. — Iron  commonly  contaitia  small  quantities 
of  other  Bubstances,  such  as  earbon,  sulphur,  and  phoaphoms,  left 
in  it  by  the  process  of  manufacture  from  iron  ore,  or  added  to  pro- 
duce certain  changes  of  quality.  The  first  operation  in  the  manu- 
facture leaves  eonsiderable  carbon,  perhaps  2  or  3  per  cent,  in  the 
iron.  The  metal  in  this  condition  can  be  melted  with  comparative 
esse,  and  when  poured  into  moulds  in  the  liquid  condition  readily 
tttltea  the  form  of  the  moulds.  This  operation  ta  called  casting,  and 
iron  thus  treated  is  called  caM  iron.  Many  articles  of  household 
use — kitchen  stoves,  pots,  and  kettles,  for  instance— are  of  cast  iron. 

When  cast  iron  is  in  the  molten  condition,  much  of  its  carbon  can 
be  burned  out  by  exposing  it  to  a  stream  of  air.  The  decarboniised 
iron  thus  obtained  ia  worked  while  hot  by  prising,  hammering,  etc., 
and  thus  beeomes  vrrought  {that  ia,  vxrrked)  iron,  which  is  softer  and 
very  much  tougher  and  stronger  than  cast  iron.  Tlie  iron  used  by 
blacksmiths  is  wrought  iron.  It  can  be  readily  welded,  which  is  not 
true  of  east  iron. 

Steel,  in  the  ordinary  sense  of  tlie  word,  means  iron  containing 
ksa  carbon  than  ca^t  iron  and  more  carbon  than  wrought  iron.  The 
amount  of  carbon  in  ordinary  st*el  may  vary  from  a  small  fraction  of 
1%  to  1.6%. 

Sometimes  st«el  is  made  by  slowly  burning  out  a  part  of  the  car- 
bon from  cast  iron,  occasional  tests  of  the  prepress  of  the  operation 
being  made  by  takino  out  and  cooling  a  small  quantity  of  the  molten 
metal.  When  the  quality  of  the  tested  piece  is  satisfactory  the 
operation  is  stopped.  Open-hearth  steel  is  made  by  thw,  the  Siemens- 
Martin,  process  and  sometimes  contains  so  little  carbon  that  it  ia 
very  much  like  wrought  iron. 

For  making  the  raits  of  car-traeks  and  for  other  rough  purposes 
great  quantities  of  Bessemer  steel  are  used.  This  ia  made  by  burn- 
ing out  the  carbon  from  melted  cast  iron  very  rapidly,  a 
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being  forced  through  the  liquid  metal  in  immense  pots  called  con- 
verters. No  attempt  ia  made  to  atop  the  operation  at  the  iastanl 
when  the  metal  contains  just  the  right  proportion  of  carbon.  Ilis 
easeir  to  bum  the  carbon  all  out,  or  nearly  so,  and  then  add  tbe 
desired  amount  in  a  certain  mixture  or  compound  of  iron  and  carbon 
called  xpiegekisen. 

Steel  containing  from  0.5%  to  1.5%  of  carbon  is  stronger  than 
wrought  iron.  One  specimen  of  such  steel  in  the  form  of  wire  is 
reported  to  have  had  a  tenacity  of  nearly  315,000  lbs.  per  equan 
inch.  Such  steel  is  in  its  softest  state  harder  than  wrought  iron: 
and  when  it  has  been  heated  to  redness  and  cooled  suddenly,  it 
becomes  very  hard  indeed,  some  pieces  being  hard  enough  to  cut  or 
scratch  glass.  This  process  of  hardening  steel  is  often  called  tem- 
pering; but,  strictly,  tempering  ia  the  partial  softening  that  llw 
steel  is  subjected  to  after  hardening,  the  degree  cf  softening  being 
adapted  to  the  purpose  for  which  the  metal  is  to  be  used. 

Other  substances  are  used  with  carbon  to  give  peculiar  properties 
to  steel  or  iron,  Miishel's  steel,  which  is  exceedingly  hard  and  brit- 
tle, contains  tungsten.  Steel  containing  10%  or  15%  of  TnanganM 
is  strong  and  exceedingly  tough.  A  mixture  of  steel  and  niektl, 
called  nickel'Sted,  is  eo  strong  and  tough  and  elastic  that  it  has  been 
used  for  the  armor-plate  of  heavy  war-ships. 

Ordinary  wrought  iron  cannot  be  cast  in  moulds  with  success, 
because  of  the  ''blow-holes,"  caused  by  gas-bubbles,  which  form  in 
the  cooling  pietal ;  but  the  addition  of  a  small  quantity  of  aiunriniuBi 
(more  commonly  called  aluminum)  to  the  iron  prevents  this  diffi- 
culty. Iron  treated  in  this  way  is  called  milis  iron.  It  is  used  ia 
place  of  wTought  or  forged  iron  in  making  the  magnets  of  dyikamoiL 

The  demand  for  the  very  best  kinds  of  iron  and  steel  for  the  mano- 
facture  ot  armor-plate  and  large  cannon  has  led  to  great  impiovfr- 
ments  in  the  processes  and  products  of  manufacture  during  the  hot 
few  decades.] 

196.  Definitions.— We  shall  often  find  the  scientific  use 

of  a  word  to  be  somewhat  different  from  its  popular  mean- 
ing, and,  unless  this  fact  is  recognized  and  remembered, 
much  confusion  of  ideas,  and  much  vain  discussion,  a 
likely  to  occur.  Illustrations  may  be  found  in  one  or  two 
words  to  be  used  in  the  next  few  paragraphs.     Thus  ^e 
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f  word  strain  means,  in  scientific  language,  a  change  in  the 
shape  or  size  of  a  body ;  while  the  word  stress  is  applied  to 
the  force  which  produces  the  strain.  More  strictly  still, 
strain  means  the  ratio  of  the  change  of  dimension  or  size 
to  the  original  dimension  or  size;  and  stress  means  the 
ratio  which  the  whole  force  applied  bears  to  the  area  of  the 
cross-section  through  which  it  is  applied.  Thus,  if  a  rod 
L  cm.  long  is  stretched  imtil  it  is  (L+Z)  cm.  long,  or  com- 
pressed until  it  is  only  (L  — Q  cm.  long,  the  strain,  as  to 
length,  is  l-^L.  And  if  the  area  of  cross-section  of  the  rod 
is  s  sq.  cm.,  and  a  force  of  F  grams  is  applied  to  lengthen 
or  shorten  it,  the  stress  is  (F-i-s);  that  ia,  the  force  per 
unit  area  of  cross-section. 

In  popular  usage  strain  has  nearly  the  same  meaning  as 
ttress.  Again,  in  popular  speech,  a  body  is  said  to  be 
highly  elastic  when  it  can  suffer  and  recover  from  great 
changes  of  size  or  shape.  India-rubber  13  the  type  of  such 
elastic  substances.  But  in  the  scientific  sense  the  elas- 
ticity possessed  by  steel  and  glass  is  much  greater  than 
j  that  of  india-rubber. 

197.  Elasticity:  of  Volume,  of  Figure. — The  jMJwer 
which  a  body  has  of  recovering,  more  or  less  perfectly,  its 
original  volume,  after  the  force  which  has  changed  the 
voiurae  is  withdrawn,  is  called  elasticity  of  volume.  This 
property  exists  in  perfection  in  liquids  and  gases,  which 
recover  completely  from  the  effect  of  any  compression, 
however  long  it  has  been  continued,  when  the  forces  pro- 
ducing it  have  ceased  to  be  applied. 
The  power  wliich  a  body  ha-s  of  recovering,  more  or  less 
'  perfectly,  its  original  shape  after  the  force  which  has 
changed  the  8haj)e  is  witlidrawn,  is  called  elasticity  of  shape^ 
or  figure.  Liquids  and  gases  are  usually  regarded  as 
eBtirelj'  lacking  in  this  property,  although  any  body 
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liquid  or  gas  left  entirely  to  its  own  forces  and  at  real 
would  finally  assume  a  spherical  shape  (see  Exp.  (6),  §  5*)- 
Elastieity  of  figure,  then,  is  peculiarly  a  property  of  solids. 
It  is  called  also  rigidity. 

So-called  inelastic,  or  plasHc,  solids,  are  those  which, 
like  lead,  wet  clay,  or  putty,  yield  readily  to  a  slight  dia- 
torting  force,  manifesting  little  or  no  ability  to  resume 
their  original  shape  when  that  force  ceases  to  act  upon 
them.  Highly  elastic  solids,  like  tempered  st«el,  spring- 
brass,  and  ivory,  offer  a  constant  resistance  even  to 
very  long-continued  distorting  forces,  and  will  imme- 
diately resume  their  original  shape  upon  the  removal  of 
any  such  force,  provided  the  strain  does  not  exceed  a  cer- 
tain value,  called  the  limit  of  elasHdiy,  beyond  which  the 
substance  will  act  like  a  plastic  solid, 

EXPERIHEHT. 

Take  some  pieces  of  No.  2h  or  No,  27  (B.  Sc  S.  gauge)  copper  ffto 
and  Bome  spring-bra^  wire  of  tlie  same  diameter,  each  about  3D  ccQ- 
long.  Wind  a  piece  of  each  wire  closely  about  any  smooth  cyKnder 
- — for  example,  a  stout  glass  tube  or  student-lamp  chinmey;  upon 
letting  go  the  ends  notice  whether  the  wires  uncoil  at  all. 

Try  the  same  experiment  with  the  brass  wire  after  heating  it 
almost  to  redness  in  a  flame. 

198.  "  Modulus  "  of  Elasticity. — If  several  bars  of  vari- 
ous sizes  and  shapes,  but  made  of  the  same  material  in  the 
same  state  of  purity,  hardness,  etc.,  are  subjected  to  lonp- 
tudinal  tests  that  do  not  exceed  the  limit  of  elasticity,  it  is 
found  that  the  quantity,  stress -=r  strain,  is  the  same  for  all 
of  them.  It  is  called  the  modulus  *  oj  elasticity  for  the 
given  material  under  the  kind  of  strain  used,  A  different 
material  has  a  different  modulus;  that  is,  a  different  value 
for  stress -i- strain.  For  instance,  if  force  is  reckoned  in 
a  little  meaBur& 


grams  and  area  of  cross-section  in  square  centimeters,  this 
modulus  for  steel  bars  of  a  certain  grade  ia  2,500,000,000, 
or  25X 10*,  and  for  copper  wire  of  a  certain  grade  about 
1,200,000,000,  or  12X10'. 

Tables  of  such  moduli,  derived  from  experiments,  are 
printed  in  many  books  used  by  physicists  and  engineers, 
but  different  grades  of  the  same  general  substance  will 
.differ  so  much  in  their  tenacity  and  elasticity  that  mate- 
rials which  are  to  be  put  to  any  severe  and  important  use 
— steel  for  making  heavy  cannon,  for  instance — are  often 
subjected  to  special  tests  to  prove  their  qualities. 

The  particular  modvlus  which  we  are  concerned  with  in 
tests  of  stretching  or  shortening  is  called  Yourig's  modulus, 
from  the  English  scholar,  Dr.  Thomas  Young,*  who 
su^ested  and  used  it. 

We  shall  define  the  stress  as  the  force,  F,  in  grams, 
divided  by  the  cross-section  of  the  wire,  S,  in  square  centi- 
meters. The  strain  will  be  the  increase  of  length,  I, 
divided  by  the  original  length,  L,  both  in  centimeters. 
Young's  modulus  is 

F      I _FXL 

"s  ■  L~  sxr 

If  we  use  M  to  signify  this  modiolus,  we  have 

3f  =  -= 7. 

Sxl 
The  use  of  this  equation  may  be  shown  by  the  following: 

Itl-ustration, 

An  engineer  wishea  to  know  how  muth  a  rod  of  a  certain  kind  of 

Steel  3  in.  long  aiid  5  sq.  cia  in  croas-seelion  will  be  stretched  by  a 

•  Young  waa  bom  in  1773  and  died  in  1829      Hp  wm  a  man  of 
great  learning  and  ability,  and  one  of  the  founders  of  the  wave- 
theory  of  lignt;    though  Freanel,  a  FrenchmBn,  who  took  up  the 
I    matter  somewhat  later  than  Youde,  was  more  active  and  efficient  in 
Mtiibliihiiig  the  theory. 


asT 


PHY  SI 


load  ot  500  kgin.  If  he  knows  the  modulus  of  elasticity  of  this  kind 
of  Bteel,  from  ilia  own  experiments  or  from  ttose  of  any  one  else,  he 
can  without  further  ejtperiment  answer  the  question  by  a  mmpla 
calculation. 

Let  us  suppose  the  modulus  to  be  (reckoned  in  gnuns  and  square 
centimeters)  25X 10".  He  writes  the  known  quantities  in  the  equa- 
tion above  given,reducing  lengths  to  centlmeteiB  and  force  to  grains, 
and  gets 

500000X300. 


25X10'  = 


5Xi 


whence 


"  125X10' 


-5=. 012  cm. 


So,  if  the  numerical  values  of  any  four  of  the  letters  in 
the  equation  containing  M  are  known,  the  numerical 
value  of  the  remaining  letter  can  be  found  at  once. 

If  we  WTite  the  equation  in  thia  way, 


FXL 
'  SXM' 


i 

I  in 
ical 
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■we  see  that  I,  the  increase  of  length,  is  proportional  to  the 
total  force,  F,  proportional  to  the  original  length,  inversely 
proportional  to  the  area  of  cross-section,  and  inveraeJy 
proportional  to  the  modulus,  M. 


EXERUEE  33  [iS  in  old  UM}.  ^B 

ELABTIClTVi    STRETCHINO.  ^B 

.■  A  piece  of  No.  27  epring-braas  wire  4  m.  or  more  long, 
ne  end  to  a  screw  driven  into  a  table- top  or  other  con- 
venient fixed  object,  and  having,  about 

I        10  cm.  from  the  free  end,  a  piece  of 

1  paper  fastened  crosswise,  as  in  Fig  151, 

I 1  with  sealing-wax.     (This  paper  serves 

'"'  as  an  index,  or  marker,  and  is  best  put 

o  the  balance.) 

o  be  used  as  a  magnify]] 
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Attach  Mte  frw  ttid  of  ti 
anre.     Let  one  ■^pninmlw  dta«  Uv  ■ 

marker  on  Ui«  wire.  (Hi*  MCMWHsgat  a^  agl  W  mmtB  litt' 
extreme  care,  as  u  cRv  «f  •  trwnm  «wii  mAb  pitfla%' «i 
differCDi^  io  thr  liul  n«ih  id  tlw  rnwiw  ) 

Lay  the  meHr-md  under  tbr  tnaAirr.  pK>IM  to  <]«  «w,  M  auA 
a  height  that  c«if  end  of  tbc  niaifcA  ImuHhs  Uw  nJ,  and  Ifann.  tnak' 
ing  ^itn!  that  tlv  rtjd  diir*  ikiI  •nf^-r,  m-ilr  vitli  11«  f'y"'^'"'if  ^M* 

Ihi-  IihI:,!,.^-    l-   .■.   j. .,-,-■     J       ■  ,   ...    .  .        ,.J 

the  fiiBt  atraightera^  p^  i  mii^  fa«k  ^Ur  raA  ianeMe  to  <fc« 
original  pull  to  aee  whetkn-  ikm  Baifar  ictHBa,  a*  it  riMMrid,  te  itt 
original  poation. 

Tbe  wire  beii«  i^h97  tetaMd  to  <fe  M3««  at  «M  <a<  Ok  ■»«•- 
ment  of  the  mailicr  Aom  tfa  iMfOMe  in  ka«lk  <tf  tfaat  |Mt  «f  lfa» 
wire  whidi  liea  betwwa  tte  amw  and  tte  aiwlKr. 

Becord  tfana: 


F-increMc  of  f««e.  I-  increaae  of  bttgtli.       F+l. 

From  p  to  p  + 1  kgm.  =  I  kgm.  

"     "  ■'  -'  +  2     "    -2    "  

"      "  "  "+3      "    -3     "  

Find  Ute  mean  value  irfF-^-f,  and  tlKru.  knonitig  Z.,  the  Itnieth  of 
the  stretched  part  of  the  wire,  and  the  area  of  cpOBB-aectioii,  5,  of 
the  wire  (see  Exercise  30),  calcula.tt:'  Yuvng'u  modvlut  lor  tiiie  wire 
by  means  of  the  fonnula 

(      F/L 


Y.M.--^ 


The  teste  thus  far  described  in  tlii>  Exercliie  are  not  intended  to 
exceed  the  elastic  limit  of  tbt  wire .  that  v,,  the  wire  if  not  expened 
to  ahow  any  permanent  int-rease  cif  length  at  n  renult  of  the  utreU'b- 
iog.  It  would  be  wfU  to  continue  the  experiuieul  by  iDcreaeing  the 
stretching  force,  1  kgni.  or  Ita*  at  a  time,  until  it  betomeE  priait 
enough  to  produce  permanent  Btret<-hing.  The  ratio  of  the  force  at 
this  stage  to  that  required  to  break  the  wire  (see  Exercise  30)  should 
then  be  noted. 

After  the  wire  has  become  permanently  stretched  it  should  not  be 
used  agnia. 
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199.  Compression. — ^The  same  general  laws  hold  far 
compression  as  for  stretching,  and,  moreover,  the  modvluB 
for  the  compression  of  any  substance  is  numerically  the 
same  as  the  modulus  for  its  stretching,  provided  the  Bmit 
of  elasticity  is  not  exceeded.  The  limit  of  elasticity  in 
compression  is,  however,  not  necessarily  the  same  as  the 
limit  of  elasticity  in  stretching.  Thus,  cast  iron  will  bear 
a  much  greater  compression  strain  than  extension  stram 
before  breaking,  although  the  force  required  to  produce  a 
minute  decrease  of  its  length  is  practically  the  same  as  the 
force  required  to  produce  an  equal  increase. 

200.  Strains  Produced  by  Transverse  Forces. — ^The  pre- 
ceding considerations  lead  naturally  to  Exercise  33,  on 
bending,  for  it  will  be  found  that  usually  when  a  body  is 
bent  some  parts  of  it  are  stretched  and  some  parts  com- 
pressed. 

EXPERIMENT. 

Take  a  long  thick  india-rubber  "eraser"  and  measure  carefully 
the  length  of  the  two  opposite  sides.  Then  bend  the  eraser  sharply, 
in  such  a  way  that  one  of  the  measured  sides  will  be  on  the  inner 
arc  and  the  other  on  the  outer  arc,  taking  care  not  to  stretch  or  com- 
press the  rubber  unnecessarily.  Measure  the  length  of  the  two 
arcs  thus  formed  and  determine  for  each  side  whether  it  is  longer  or 
shorter  than  before  bending. 

Draw  a  straight  line  along  the  middle  of  one  of  the  other  sides 
from  end  to  end,  and  when  the  rubber  is  bent  exactly  as  before, 
measure  the  length  of  this  line,  which  will  be  midway  between  the 
concave  and  convex  sides  of  the  bent  eraser,  and  see  whether  it  has 
increased  or  decreased  in  length. 

A  strip  of  paper  will  be  found  convenient  for  making  the  measure- 
ments. 

Nimierous  instances  of  flexure  or  bending  produced  by 
come  kind  of  transverse  force  acting  upon  more  or  ktf 


f  elongated  objects  will  occur  to  every  one.  A  sagging 
[  telegraph-wire,  the  limb  of  a  j>ear-tree  bending  under  its 

load  of  fruit,  the  bent  springs  of  a  loaded  carriage,  the 
'  sagging  rafters  of  an  old  building,  are  oidy  a  few  familiar 

examples  of  bodies  strained  by  transverse  forces.  Exercise 
I'  33  is  uitended  to  enable  the  student  to  answer  for  himself 

the  question  what  general  quantitative  relation  exists 
I  between  the  amount  of  transverse  force  applied  and  the 

amomit  of  bending  which  it  produces. 


E  33  (J9  in  old  lii 
BLASTICirr:  BEffDINO.    EFFECT  OF 
Apparatus:  Articles  55a,  56,  57,  68,  59,  60  (100  to  400  gm.). 
I       Mark  lightly  two  points  on  the  rod  100  cm.  apart  and  mark  the 
point  midway  between  them.     Support  the  rod  on  two  df  the  wooden 
s  placed  100  em.  apart  (se*  Fig.   152),  each  prism  being  just 


under  one  of  the  marks  on  the  rod,  the  central  mark  on  the  rod 
being  just  o\'er  one  of  the  holes  in  the  table-top. 

Suspend  the  scale-pan  from  the  middle  of  the  rod,  bo  that  it  may 
liaiig  beneath  the  table-top,  taking  care  to  prevent  the  suspending 
rtring  from  touching  the  table. 

Near  one  end  of  the  thin  slip  of  wood  (No.  57)  make  a  light  cross- 
and  call  tbia  mark  1,     Make  a  similar  mark  5  cm.  from  tha 
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first,  and  call  this  Becood  mark  2.  Make  a  third  nmilar  mark  25  cm. 
from  mark  2,  and  call  this  lost  mark  3.  This  slip  of  wood  is  to  be 
used  as  an  index. 

Place  the  third  prism  parallel  to  the  rod  and  oppcrate  the  middle, 
and  rest  the  index  on  the  top  ridge  of  the  prism  as  a  fulcrum,  the 
marlc  2  being  exactly  over  this  ridge  and  mark  1  being  exactly  under 
the  nearer  edge  of  the  rod,  Place  the  upright  scale  alongside  ihe 
index,  so  that  the  face  of  the  scale,  upon  which  the  diviaons  are 
marked,  shall  be  just  as  distant  from  the  rod  as  the  mark  3  ia. 

It  is  now  evident  that,  if  the  centre  of  the  rod  is  pushed  down 
any  distance,  the  height  of  the  point  at  which  the  index  passes  the 
face  of  the  scale  will  be  raised  five  times  this  distance. 

Everything  being  carefully  adjusted,*  read  the  point  on  the  scale 
where  the  upper  edge  of  the  index  passes  it,  and  record  this  reading 
in  the  third  column  of  a  table,  made  like  that  below,  under  the 
heading  "Readings  without  load." 

Then  place  100  gm.  in  the  pan,  watching  the  apparatus  to  see  tta.t 
nothing  is  deranged  in  this  operation;  take  the  reading,  and  record 
it  in  the  column  headed  "Readings  with  load,"  placing  along^de 
in  the  column  headed  "Load"  the  number  100.  Then  carefully 
remove  tJie  weight  and  make  another  reading,  to  be  recorded  in  the 
column  "  without  load. "  f 

Then  put  200  gm.  in  the  pan,  read  and  record  as  before,  and  make 
another  reading  "  without  load."     Then  take  300  gia.  and  400  gm. 

In  this  way  the  observations  are  made  and  recorded  in  the  first 
three  columns  of  the  table.  The  other  columns  explain  themaelves. 
The  last  column,  which  shows  how  much  the  rod  benda  per  gram  in 
each  case,  should  be  particularly  noted. 

*  The  rod  is  sometimes  warped  ho  that  it  will  not  rest  fairly  on  the 
prisms  at  the  ends.  In  this  case  one  end  of  one  of  these  prisms 
should  be  elevated  as  much  aa  may  be  necessary  to  give  a  good  iiear- 
ing  at  both  ends  of  the  rod.  Thin  flat  slips  of  cardboard  eerve  verj 
well  for  making  this  adjustment. 

Sometimes  a  rod  has  such  a  bend  that  its  centre  is  considerably 
higher  than  the  fulcrum,  and  the  index  does  not  touch  the  front  edgt 
of  the  rod.  In  such  a  case  the  fulcrum  should  be  raised  by  means  of 
the  cardboard  sUps. 

t  Slight  differences  may  be  expected  in  the  "  Readings  without 


load,"  but  these  differences  should  not  be  as  great  a 
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Load.        Readings 


3.40 
3.75 


0.40  +  5  =  0.080 
0.77  0.1.54 


'  From  this  Exercise  the  student  should  be  able  to  make 
out  the  general  relation  between  amount  of  load  and 
amount  of  flexure,  or  bending;  that  is,  if  he  is  told  that  a 
load  of  100  gm.  bends  a  rod  .01  cm.,  he  should  be  able  to 
tell  how  much  a  load  of  375  gm.,  for  instance,  wid  bend 
it  if  the  elastic  limit  is  not  exceeded. 


EXERCISE  34  (30  In  old  list). 


BLASTICITY:    BENDINO.     EFFECT  O 


'ARYINO  DIMENSIONS. 


Apparatiu:  As  in  Exercise  33,  with  the  addition  of  No.  S5b  and 
the  remaining  weights  of  No.  60. 

Three  conditions  are  to  be  tried,  which  will  be  called  tho  Second, 
Third,  and  Fourth  Cases.     Exercise  33  is  regarded  the  First  Case. 

Second  Case. — Use  the  narrow  rod  with  supports  50  cm,  apart. 
Use  first  1000  gm.,  and  then  double  this  load,  following  the  same 
method  of  procedure  and  record  as  in  Exercise  33. 

Third  Case. — Use  the  broad  rod  on  its  broad  side  with  supports 
100  cm.  apart.     Use  400  gm.,  and  then  double  this  load. 

Fourth  Case.— T'se  the  broad  rod  on  edge  with  supports  100  cm. 
apart.     Use  1000  gni.,  and  then  double  this  load. 

Fmd  for  each  case  the  deflection  per  gram, 

I  As  the  grain  of  the  wood  may  differ  considerably  in 
different  rods,  it  is  necessary,  in  deducing  from  these  two 
Exercises  the  laws  relating  to  dimensions,  to  make  use  of 
the  observations  made  with  a  considerable  number  of  rods. 


all  as  much  alike  in  grain  as  may  be.  The  effect  of  length, 
nf  width,  and  of  lliickness  ujM)n  stiffness  can  in  this  way 
be  made  out  with  considerable  c 


201.  Laws  of  Stiffness. — (1)  Comparing  the  First  Case 
of  bending  (Exercise  33)  with  the  Second  Case  {Exercise  34), 
find  what  general  relation  *  exists  between  length  of  bent 
portion  and  amount  of  bending,  other  things  being  equal. 


It  a  load  of  150  grams  bends  O.OI  cm.  a  rod  40  cm,  long,  how  fur 
would  it  bend  a  rod  similar  in  all  other  respects  but  80  cm,  loogl 
120  cm.  long? 

(2)  Comparing  the  First  Case  and  the  Third  Case,  find 
what  relation  exists  between  width  of  rod  and  amount  of 
bending,  other  things  being  equal. 

(3)  Comparing  the  First  and  Fourth  Cases,  if  they  are 
entirely  satisfactory,  one  can  find  the  relation  between 
thickness  of  rod  and  amount  of  bending;  but  as  it  is 
difficult  to  have  rods  of  very  accurate  dimensions,  owing 
partly  to  slirinkage  in  the  dry  air  of  the  laboratory,  and 
as  slight  inaccuracies  in  the  thickness  affect  the  result  a 
good  deal,  it  may  as  well  be  said  at  once  that  the  relation 
in  question  is  this:  the  amount  of  bejiding  wUk  a  given  load 
is  inversely  ■proportiorud  to  the  third  ■power  of  the  thickness; 
or,  more  briefly. 


{thickness)"' 


bending  {or  deflection)  c 

T  standing  for  thickness.  ^ 

*  Of  coursp,  several  diffprcnt  lengths  should  be  uspd  and  the  e\- 
perimenta  should  be  very  carefully  conducted  in  order  to  enable  one 
to  deduce  with  complete  confidence  the  relation  between  length  and 
flexure.  In  this  ease,  and  in  all  others  where  general  laws  are  to  be 
tiedueail,  the  Exercises  of  this  book  are  to  be  regarded  as  suggestive 
rather  than  condunve, 
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Thp  class  ghnul<l  make  compiiriwiii  I"  mt  c 

its  obsen'ations  agree  with  this  law. 

Stiffness  is  inversely  proporlionul  to  Iteiniii 
should  write 

Bliffneaa  a.  7". 

The  student  should  now  try  to  put  into  one  compact 
expression  all  of  the  rrlatioiiH  here  suggextm]  between  the 
stiffness  and  the  dimeur" —  '  \  rod.  Thi?  )!pncral  form 
of  the  expression  will  t  iniuiir  tti  tliat  for  the  breakinQ- 
atrength  in  the  next  arti  but  the  exponents  attached  to 
the  letters  will  not  all  bi        ■  sanit  as  in  that  exprwwiim. 

The  general  expressio  relation  between  bending, 

load,  and  stijfncaa  is 


bending  (or 


load 

sliffneaa' 


202.  Breabiiig-strengtli. — ^ItiB  important  to  notice  that 
the  formula  for  stiffness  suggest«d  in  §  201  will  not  express 
the  dependence  of  breaking-atrejigth  upon  dimensions  in  the 
case  of  rods  submitted  to  the  action  of  transverse  forces. 
For  instance,  adding  to  the  thickness  of  a  ro<I  increases  its 
strength  less  than  it  increases  its  stiffness.  A  thick  roil 
is  hard  to  bend,  but  a  little  bending  will  break  it.  We 
have  (see  §  100)  the  following  relations:  strength  cc  vddlk; 

strength  a  thickness^;    strength  ex  - — —     Combining  these 

three  relations  we  get  the  formula 

«^^Aoc ^^^ \or     -^). 

Experiments  on  the  breaking-strength  of  roils  are  too  waste- 
ful of  material  to  be  available  for  class-work,  but  a  few 
tests  made  by  the  teacher  in  the  presence  of  the  class  will 
serve  to  enforce  the  law  just  stated. 


SUGGESTIONS  FOR  EXPERIKEHTa 

The  long  round  rods,  i  to  J  inch  in  diameter,  sold  by  hardware 
dealers  to  make  dowol-pins,  aerve  well  tor  such  tests.     It  ib  mort    | 
convenient  to  apply  the  force  by  means  of  a  spring-balance.    Two    I 
stout  pegs  set  vertically  into  a  plank  about  15  cm.  apart,  and  pro-   I 
jecting  an  inch  above  the  plank,  make  good  bearings  for  1-inch  re ' 
to  be  broken  by  a  horizontal  pull     The  pins  should  be  whittled  to   1 
an  edge  where  the  rods  touch  them.     A  second  pair  of  pegH  may  be 
30  cm,  apart.     Care  should  be  tak^n  to  select  straight-grained  lodi 
for  breaking  t^fits.  | 

203.  Cross-section  of  Iron  Beams.— It  has  already  been 
noted  (see  §  200)  that   the   outer  arc  of  a  bent  rod  is 

1  stretched  and  the  inner  arc  compressed.  It  baa  also 
been  stated  that  in  a  given  substance  the  limit  of 
elasticity  in  stretching  is  not  necessarily  the  same  as 
Eio.  ifi3.  j^g  (inii^  in  compression.  Cast  iron,  for  instance, 
will  bear  much  more  compression  than  stretciiing  before 
giving  way.  Accordingly,  cast  iron  beams  or  rails  are 
made  much  wider  on  the  side  which  is  to  be  stretched  than 
on  the  side  which  is  to  be  compressed;  a  cross-section  like 
that  shown  in  Fig,  153  being  sometimes  used.  When 
such  a  beam,  placed  horizontal,  is  loaded  in  the  middle, 
the  broad  under  side  is  stretched  less  than  the  narrow 
upper  side  is  compressed. 

204.  Elasticity  of  Torsion,  or  Twisting. — The  elasticity 
of  torsion,  twisting,  is  most  familiarly  manifested  in  the 
alternate  twisting  and  untwisting  to  he  noticed  when  a 
weight  is  suspended  by  an  ordinary  (not  a  braided^  cord 
or  rope.  It  is  much  better  shown  by  a  wire  than  by  any 
rope,  on  account  of  the  great  elasticity  of  the  wire  and  the 
consequent  jiromptness  with  which  it  springs  back  to  and 
beyond  its  original  position  after  a  torsional  stress  has 
been  removed. 
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EXPERIMENT. 
Hang  by  one  end  a  piece  of  No.  27  spring-hrass  wire,  not  less  than 
a  meter  long,  from  a  firm  suspension  (for  example,  a  small  hand- 
vise),  and  attach  to  the  lower  end  a  weight  of  fifty  or  a  hundred 
grants,  to  which  a  pointer  of  cardboard  or  a  straw  has  been  fastened 
at  right  angles  to  the  wire.  Turn  the  weight  through  a  considerable 
angle,  then  release  it  and  notice  the  rapid  circular  movements  of 
Uie  pointer. 

We  are,  in  the  affairs  of  every-day  life,  less  familiar  with 
twisting  strains  than  with  stretching  or  bending,  but  when 
we  reflect  that  all  of  the  revolving  rods,  or  "shafts,"  used 
to  transmit  power  through  machinery  are  subject  to  twist- 
ing, we  see  that  engineers,  at  least,  must  make  a  study  of 
the  laws  of  torsion.  The  frequency  with  which  main- 
shafts  of  great  steamers  break  in  mid-ocean,  sometimes 
endangering  the  lives  of  hundreds  of  people,  is  not  due  to 
any  lack  of  knowledge  as  to  the  general  laws  of  torsional 
elasticity  and  strength,  but  rather  to  defects  in  the  manu- 
facture of  the  shafts. 

EXERCISE  35  (31  In  old  lilt). 
ELASTICITY:    TWISTING. 

Apparatus:  Articles  7  (two),  50  (two),  ei,  62,  63.  String  for 
attaching  the  balances  to  the  cross-bars. 

First  Case.— Fasten  the  small  rod  to  the  horizontal  bar  over  the 
laboratory  table  in  a  vertical  position,  so  that  the  top  of  the  cross- 
bar (shown  as  a  disk  in  Fig.  154)  will  be  80  cm.  beneath  the  fasten- 
ing, the  brad  beneath  the  cross-bar  entering  a  small  hole  made  to 
receive  it  in  the  table,  the  cross-bar  clearing  the  table-top  by  two 
or  three  millimetera.  Adjust  and  fasten  the  graduated  arc  ujmn 
the  table,  so  that  the  centre  of  the  circle  of  which  it  makes  a  part 
shall  coincide  with  the  centre  of  the  brad  at  the  bottom  of  the  rod, 
the  0°  at  one  end  of  the  scale  being  just  beneath  a  vertical  index- 
mark  nuide  on  one  end  of  the  cross-bar. 

Attach  one  ot  the  small  spring-balances  to  each  peg  upon  the 
cross-bar  by  means  ot  a  string  of   convenient  length,  and  pull  in 


a3» 


PHYSrCS. 


opposite  directiona  upon  these  balances,  keeping  the  line  of  pull  at 
right  angles  with  the  croBS-bai  at  each  end,  and  applying  lo  each 
balance  a  force  ot  50  gm.  Observe  and  record  the  number  of 
degrees  *  moved  over  by  the  vertical  index-marfc  on  the  end  of  Ihe 
cross-bar,  which  will  indicate  the  number  of  degrees  of  tor^on 
produced  by  the  forces  applied.  Note  whether  the  index  tvtunis,  as 
it  should,  to  its  original  position  when  the  pull  ceases. 
Then  pull  with  a  force  of  100  gm.  upon  each  balance,  obaerv  and 


record  the  amount  of  torsion.  (Aft^^r  this  and  every  other  appUrs- 
tion  of  twisting  force  look  to  see  whether  the  index  returns  to  its 
initial  position.     If  the  rod  ie  twisted  too  fur,  it  will  not  entirely 


to  each  balance,  observing  and 


Then  apply  a  force  ot 
recording  a.s  before. 

Second  Ca.se. — Lower  the  horizontal  supporting  bar  until  a 

length  of  40  em.  only  remains  between  the  fastening  and  tiie  top  ol 

*  Read,  if  practicable,  to  one  tenth  of  a  degree. 
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he  waBpbar.     filial  [■ronwd  nn  in  t>iP  lln-t  rnw.  uainic  Dir^  niuue 
orrra  as  before. 

Third  Cask. — RppWe  the  thin  rtxl  liy  tliP  Ihick  one,  usiiift  80  cm. 
lain  the  First  Case.     Apply  forces  a(  500  nnd  1000  gni.  in  turn, 

.Ul  the  observfttioua  mfidc  in  thi.s  E.vrrcisp  should  hn  r«ifiinli-il  in  A 
tabulaj'  form  similar  to  that  useJ  in  th<>  two  prwiKliiig  Exorri*ra. 


Tfaofifor  the 


Finn  Cass. 

ifl*  SMdinv  Tmloanr 

r—.  without  ttnm.  1  gm.  M  «Mh  tmi. 

O'.O 

•■  0».1M 


105.  Lavs  of  Tor^on.— Exercise  35  affords  &  meant  of 
smdying  the  relation  between  the  torsional  forces  applied 
to  a  rod  and  the  amount  of  twisting  produced,  as  well  aa 
the  effect  of  varying  the  dimenaious  of  the  rod.  From  his 
observations  the  student  should  try  to  answer  the  follow- 
ing questions: 

(1)  What  is  the  relation  between  the  forces*  applied 
and  the  amount  of  torsion?  (For  example,  if  a  force  / 
produces  a  torsion  of  5°,  how  many  degrees  of  torsion 
will  a  force  2/  produce?) 

(2)  What  is  the  relation  between  the  length  of  the  rod 
and  the  amount  of  torsion  produced  by  a  given  force? 

(3)  How  nearly  do  the  observations  agree  with  the  state- 
ment, torsion  oc-tjt,  where  D  is  the  diameter  of  the  rod? 

•  Thp  effect  of  a  force  in  producing  torsion  depends  upon  its  point 
of  application.  The  forces  in  Exercise  3.'i  are  all  applied  at  a  dis- 
tajiee  of  15  em.  from  the  axis.  If  they  were  applied  at  a  distance 
of  7.5  em.  from  the  axis,  they  would  produce  only  one-half  aa  great 
an  pRect. 
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Try,  as  in  discussing  the  result  of  Exercises  33  and  34, 
to  reduce  the  law's  found  to  a  single  formula. 

206,  Breaking-strength. — As  in  bending,  so  in  twist- 
ing, we  must  distinguish,  carefidly  between  stiffness  and 
strength.  Force,  appHed  at  a  given  distance  from  the 
axis,  required  to  break  a  rod  by  twisting  is  independent  of 
the  length  of  the  rod,  but  is  proportional  to  the  third  power 
of  the  diameter. 

207.  Best  Use  of  Material  in  Beams. — We  have  nowseen 
that  increase  of  ttiickness  is  very  effective  in  adding  to  the 
stiffness  and  the  strength  of  rods,  whether  subject  to  bend- 
ing or  to  twisting.  The  same  amount  of  material  is  more 
effective  when  it  is  placed  some  distance  away  from  the 
centre  of  cross-section  thaJi  when  it  is  very  near  this  centre. 
Accordingly,  beams  that  need  to  be  made  as  stiff  and  strong 
as  pogsible  in  proportion  to  their  weight,  to  resist  bending 
or  twisting,  are  not  made  of  compact  form,  but  rather  of 
a  cross-section  like  some  one  of  those  in  Fig.  155,  two  of 
which  are  hollow. 

This  fact  sometimes  leads  people  to  the  conclusion  that 
a  hollow  beam  is  stronger  than  a  solid  one  of  the  same 
external  dimensions,  but  this  is  a  mistake.  If  saving  of 
weight  and  material  were  no  object,  beams  would  always 

T+inno 


be  made  solid,  but  where,  as  in  bicycles,  flying-machines, 
etc.,  it  is  necessary  to  combine  lightness  with  great  stiff- 
ness and  strength,  the  tubular  form  is  almost  always  used. 
Witness  the  lightness  and  stiffness  of  quills. 

208.  Inductive  Reasoning:   Need  of  Caution  in  Draw- 
ing Inferences. — The  kind  of  reasoning  by  which  general 
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inferences  are  rlrawii  frfim  the  study  of  a  group  of  observa- 
tions upon  an  object  or  phenomenon  is  called  inductive 
reasoning.  The  value  of  its  conchisions  depends  upon 
the  accuracy,  the  number,  and  the  variety,  of  the  observa- 
tions upon  which  they  are  based. 

Any  chemist  or  physicist  of  the  eighteenth  century 
might  have  drawn  from  an  acquaintance  with  all  the 
metals  then  known  the  conclusion  that  all  metals  will 
sink  in  water;  and  it  is  only  since  the  discovery,  early  in 
the  nineteenth  century,  of  sodium,  potassium,  and  other 
such  metals  which  will  float,  that  it  has  become  possible 
to  dissociate  the  idea  of  comparatively  great  density  from 
the  necessary  characteristics  of  metals. 

The  student  must  be  extremely  careful,  in  the  course  of 
his  experiments,  never  to  infer  more  than  his  observations 
warrant.  If  a  certain  conclusion  seems  probable  from  the 
data  obtained,  state  that  it  seems  probable,  not  that  it 
has  been  proved  true. 

A  number  of  general  inferences  in  regard  to  elasticity 
have  been  suggested  by  the  preceding  Exercises,  and  these 
inferences,  or  laws,  are  accurate  enough  to  be  of  great  ser- 
vice, but  we  must  not  suppose  that  they  would  hold  true 
under  all  circumstances.  If  the  strain  to  which  the  body 
is  subjected  is  too  great,  if  the  "elastic  limit "  is  exceeded, 
the  laws  cease  to  be  strictly  applicable.  Now  the  elastic 
limits  of  any  particular  body  are  difficult  to  determine  ac- 
curately. The  more  sharply  we  look,  the  more  we  refine 
Our  methods  of  examination,  the  narrower  becomes  the 
Space  included  between  sueli  limits. 

209.  "  Fatigue  "  of  Metals. — Moreover,  the  strain  pro- 
duced in  a  body  by  any  application  of  force  may  depend 
Upon  the  length  of  time,  or  the  number  of  times,  the  force 
is  applied.     In  Germany  experiments  have  been  made  in 


whicli  bars  of  metal  have  been  loaded  and  relieved  alter- 
nately by  machinery  day  after  day  and  week  after  weekp 
until  the  number  of  repetitions  has  reached  into  millions. 
We  are  told,  for  instance, of  a  rod  of  iron  that  "was  torn 
apart  .  .  .  after  10,100,000  tensions,"  and  of  another  rod 
that  was  sound  after  48,000,000  bendings.  The  general 
result  of  such  experiments  is  to  show  that  a  bar  of  metai 
may  be  broken  by  a  very  long  application,  or  by  very  many 
applications,  of  a  force  that  applie-d  once  for  a  short  t  nie 
woidd  do  no  apparent  harm.  This  fact  is  recognized  in  the 
phrase  the  Fatigue  of  Metals,  which  is  the  title  of  a  little 
book  *  from  which  the  quotations  just  made  are  taken. 

It  is  well  known  that  cannon  may  be  gradually  weak- 
ened and  finally  burst  by  repeated  discharges. 

210.  Characteristics  of  Solids. — In  fact,  the  more  closely 
we  examine  the  characteristics  of  so-called  solids,  the  less 
distinct  appears  the  division  between  solids  and  liquids. 
Many  substances  ordinarily  classed  as  solids  will  flow 
slowly  under  a  shght  pressure.!  For  instance,  a  stick  of 
sealing-wax  supported  at  its  ends  in  a  moderately  warm 
room  will  gradually  sag  in  the  middle.  And,  on  the  other 
hand,  all  known  liquids  offer  considerable  resistance  to 
rapid  changes  of  form.  Clerk  Maxwell  showed  that  a  cer- 
tain thick  liquid,  Canada  balsam,  when  it  is  inwardly  dis- 
turbed by  the  movement  of  some  body  through  it,  exhibils 
properties  resembhng  those  of  a  strained   solid.    Muck 

*  Van  Noatrand,  New  York. 

t  The  following  atory  was  related  by  one  of  the  sons  of  the  late 
Alvan  Ciark,  8r.,  the  great  teleacope-maker:  A  file  waa  careleBaly 
laid  on  the  top  of  a  large  inaas  of  pitch.  After  a  time,  the  weather 
bein^  wami,  it  waa  notieed  that  the  file  was  nearly  swallowed  up  by 
the  pitch,  and  to  pull  it  out  by  main  force  seemed  impraetieable. 
The  elder  Clark,  upon  being  appealed  to,  remarked :  It  wetd  in 
slmdy,  and  it  will  have  to  come  out  slowly.  So  they  rigeed  a  contriv- 
ance to  exert  a  steady,  moderate,  pull  upon  the  file,  and  in  the  course 
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importance  has  been  attached   tn  awvh  expenmenU  !»>■ 
Ma^Ewell  and  by  Lord  Kelvin  In  their  lUncUKsimn  uf  the 

nature  of  the  himiniferous  ether. 

QUEsnofls  Aim  problems  ok  cbaftxs  xm. 

(1)  Define  elasticity  and  limit  of  tlastii-ity.     Utiartntc  font  «|«A- 

aitions. 

(2)  If  No.  27  braaa  wire  breaks  with  15  Um.  piUl,  calcuUte  Um 
breaking-strength  of  No.  25  •  bnuw  wire 

(3)  If  No.  27  Rpring-braas  wire  breaks  wilh  15 1b«.  pull,  >iul  Xn,  30 
annealed-iron  wire  with  5  lbs.,  find  the  reUtive  icturlt)'  irf  ipring 
brass  and  annettled  iron. 

(4)  What  pull  would  a  wire  of  each  kiiul,  maitUmeil  in  Pnibli>iii 
(3),  1  eq.  mm.  in  area  of  crom-scvtion  fni!it«inT 

(5)  A  certain  kind  of  wire  brrakN  with  40  kiriiiR.  leniiion;  It  taka 
10  cm.  of  this  wire  to  weigh  1  gm.  Fiud  how  mooy  kilr>mM«r«  of 
euch  wire  will  break  with  ita  own  weight. 

(6)  If  a  foree  of  1  kgm.  stretches  I  mm.  a  win-  which  is  1  m.  Vaif 
and  0.1  sq.  mm.  in  cross-section,  hnw  (jrcnt  n  Uirrf  i«  nujiiired  to 
stretch  5  nun.  a  wire  o(  like  material  10  m.  long  and  1  aq.  nun.  In 
croBft-eectJon? 

In  Problems  (7-'ll)  it  is  to  be  understood  that  the  beam*  or  ruda 
are  horizontal,  supported  at  the  enda  and  loaded  at  the  middln. 

(7)  What  is  the  ratio  of  the  stiffness  of  a  rod  50  cm,  long  to  tliat 
of  another  rod  100  cm.  long,  but  similar  in  nil  other  respects? 

(8)  What  is  the  ratio  of  the  breaking-strength  of  tlie  two  roda 
ui  (7)  under  wmple  bending? 

(9)  If  a  beam  10  ft.  long,  4  in.  wide,  and  6  in.  thick,  is  bent  1  in. 
by  a  load  of  500  ll>s.,  how  much  would  a  beam  5  ft.  long.  2  in,  wide, 
and  3  in.  thick,  be  bent  by  a  load  of  250  lbs.?  Am.  \  inch. 

(10)  It  a  certain  beam  10  ft.  long,  4  in.  wide,  and  6  in.  thick,  sup- 
ported at  the  ends,  is  bent  1  in.  by  a  load  of  500  lbs.,  how  great  a 
load  would  bend  1  in.  a  beam  20  ft.  long,  8  in.  wide,  and  2  in.  thick? 

(11)  Is  the  stiffness  of  two  similar  rods,  laid  one  on  the  other  as 
great  as  it  the  two  were  really  one? 

*  See  tabic  of  wire^auge  numbers  and  diameters.  Appendix,  In 
these  calculations  it  is  to  be  awunied  that  wires  of  the  same  metal 
are  of  exactlv  the  same  quality  and  condition.  In  practice  this  is 
not  always  the  case.  A  thin  wire  is  likely  to  be  stronger,  relatively 
to  its  i^ize,  than  a  thick  wire. 
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(12)  (a)  If  one  end  of  a  rod  is  firmly  fastened,  and  certain  foTces 
applied  to  a  cross-piece  at  the  other  end  twist  the  rod  10°,  how  many 
degrees  would  it  have  been  twisted  by  forces  twice  as  great  and 
similarly  applied? 

(6)  How  many  degrees  would  these  latter  forces  twist  a  rod  twice 
as  long  as  this  one,  but  similar  in  other  respects? 

(13)  A  rod  of  the  same  material  and  length  as  the  smaller  one 
used  in  Exercise  35  is  twisted  16  times  as  much  as  the  latter  rod 
for  each  imit  of  pull  upon  the  balances.  What  is  the  diameter  of 
the  new  rod? 

(14)  How  much  would  the  new  rod  have  to  be  shortened  to  be 
twisted  the  same  amoimt  per  unit  of  balance-pull  as  the  smaller  rod 
of  Exercise  35? 


(BAFTER  XVI. 

MOTION. 

211.  Matter,  Force,  and  MotioiL— In  th*  pTM>«itln|t 
di^rtos  it  haa  been  necessary  to  speak  of  variiiua  fitrmii 
of  matter  as  things  familiar  to  every  nne,  and  tn  cnnalder 
some  of  the  tSecis  which  forces  produop  on  niattrr.  It  it 
veil  known  that  the  production  or  chan^  of  motion  h  a 
very  common  consequence  of  the  application  of  any  force 
to  any  portion  of  matter.  We  shall  now  begin  a  more 
careful  study  of  the  relation  between  matter,  force,  anrt 
motion  than  the  student  has  yet  made.  Thta  study  will 
require  us  too  look  sharply  to  the  meHning  of  the  worda 
motion  and  velocity. 

212.  All  Motion  Relative. — It  mny  seem  nt  6n<t  sight 
that  it  would  be  a  simple  affair  In  dpfiiio  the  alisohifi-  mntion 
of  a  body;  that  is,  to  state  jiitit  how  it  travels  with  n'fcr- 
ence  to  some  fixed  point.  But  there  is  no  point  which 
we  know  to  be  fixed.  The  earth  iind  all  the  otlier  mem- 
bers of  the  solar  system,  not  exeeptinfj  the  sun  itself,  have 
very  complicated  motions  of  their  own;  and  since  also  the 
stars  are  probably  drifting  thnnifih  space,  it  is  quite  im- 
possible to  determine  the  absolute  motion  of  any  object. 
The  most  that  we  can  do  is  to  uliserve  its  departure  along 
»  given  line  for  some  eho.scn  starting-point  which  is,  for 
the  purpose  we  have  in  view,  to  be  regardeil  as  fixed. 
Thus  we  might  describe  the  motion  of  a  man  moving 
iown  the  aisle  of  a  car,  neglecting  in  our  arconnt  the  rock- 
ing movement  of  the  car  from  side  to  side,  its  pitching,  and 
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its  general  motion  of  translation  along  the  track;  n^lecting 
in  fact,  everything  except  the  difference  between  the  motion 
of  the  man  and  the  motion  of  the  point  from  which  he 
started.  This  difference  of  motion  is  called  relative  motion, 
and  all  motion  that  we  can  describe  is  relative  motion. 
When  nothing  is  said  to  the  contrary,  it  will  be  under- 
stood that  motions  spoken  of  in  this  book  will  be  relartive 
motions  with  respect  to  the  earth  regarded  as  fixed. 

213.  Composition  of  Motions. — ^The  student  may  have 
gathered  from  what  precedes  the  inference  that  motions 
may  be  compounded  or  resolved  as  forces  can  be.  This  is 
true;  and  nearly  all  that  was  stated  in  Chapter  VII.  in 
regard  to  the  parallelogram  of  forces  we  might  restate  here, 
using  the  word  motion  instead  of  force  and  the  words  red 
or  zero  motion  instead  of  equilibrium. 

An  interesting  and  important  class  of  recording  instru- 
ments make  use  of  this  fact.     Such  are  the  self-recording 

barometer,  the  chronograph, 
much  used  by  astronomers,  the 
plethysmograph,  used  by  physi- 
ologists for  studying  the  circula- 
tion of  the  blood,  and  a  number 
of  instruments  used  in  the  inves- 
tigation of  sounding  bodies  (see 
Exercise  49).  In  all  these  pieces 
of  apparatus  a  moving  point  is, 
sometimes  by  the  aid  of  pho- 
tography, made  to  record  its 
motion  upon  a  smf  ace  which  is 
itself  in  motion.  The  manner 
in  which  the  motion  of  the  re- 
cording surface  affects  the  trace 
left  by  the  moving  point  is  well  shown  by  a  simple  phe- 
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Fig.  156. 


nomenon  of  frequent  occurrence  in  every-day  life.  When 
rain  falls  on  a  comparatively  windless  day  against  the  win- 
dow of  a  railroad-car  at  rest,  the  drops  trickle  vertically 
down  the  surface  of  the  pane.  But  when  the  car  is  in 
motion  the  line  traversed  becomes  more  and  more  oblique 
as  the  speed  of  the  car  increases.  Fig,  156  contains  a 
graphic  record  of  the  course  of  the  drops  for  two  different 
velocities  of  the  car.  The  arrow  shows  the  direction  of 
the  car's  motion. 

214.  Velocity. — Velocity  is  rate  of  motion. 

When  velocity  is  unchanging  it  is  measured  by  the 
number  of  units  of  space  traversed  in  a  unit  of  time.  When 
velocity  is  changing  it  may  be  defined  as  equal,  at  any 
instant,  to  the  distance  the  body  would  move  in  a  unit 
of  time  if  the  rate  of  motion  which  it  has  at  that  in- 
stant were  maintained  unchanged.  The  choice  of  units 
depends  somewhat  upon  the  kind  of  motion  and  the  pur- 
pose for  which  it  is  to  be  estimated  or  measured.  The 
speed  of  railroad  trains,  of  steamers,  of  pedestrians,  and 
flo  on,  is  usually  reckoned,  in  this  country,  in  miles  per  hour, 
the  speed  of  bullets  or  cannon-balls  in  feet  per  second,  and 
the  rate  of  transmission  of  electrical  impulses  along  wires, 
or  of  hght  through  air,  in  miles  per  second.  For  strictly 
scientific  purposes,  however,  centimeters  per  second  is  a 
form  of  statement  frequently  employed  by  physicists. 

215.  Change  of  Motion:  Inertia. — In  the  next  few 
Exercises  we  shall  be  dealing  with  objects  which  are 
neither  at  rest  nor  in  uniform  motion,  but  are  changmg 
from  rest  to  motion,  or  from  one  state  of  motion  to  a 
different  state.  In  these  cases  we  shall  encounter  a  very 
important  property  of  matter  which  we  have  almost  totally 
disregarded  thus  far.  Before  we  give  a  name  to  this 
property  let  us  assure  ourselves  that  it  exists. 
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EXPBRIUEIITS. 

Suspend  an  iron  ball  weigting  not  le?s  than  10  lbs.  from  a  firm 
support  by  a  long  stout  cnrd,  so  that  it  may  be  free  to  awing  at  a 
slight  pURh.  Attach  a  thread  to  the  ball,  and  with  a  gentle  hoii- 
Konlal  pull  Bet  it  gradually  ic  motion.  Ktoii  the  ball,  andagainsetit 
in  motion  by  means  of  the  thread,  this  time  more  suddenly.  Repe«t, 
Btartiag  more  and  more  suddenly  each  time,  until  the  thread  break). 
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Then  take  a  string  that  will  bear  the  weight  of  several  pounds, 
attaali  it  to  the  bull,  and  break  it  as  the  tbrea^l  was  broken. 

Take  finally  a  string  that  will  bear  considerably  more  than  the 
weight  of  the  ball,  and  attaeh  it  to  the  latter.  Tie  the  free  end  of 
the  string  aeeurely  to  the  handle  of  a  (food-aized  hammer  (see  F^- 
157)  held  in  the  hand,  and  then,  the  string  being  long  enough  to  give 
the  arm  free  play,  attempt  t<]  set  the  ball  in  horizontal  motion  with 
the  greatest  possible  suddenness  *  by  swinging  the  hammer.  The 
Btri:ig  will  probably  be  broken,  whilu  the  ball  will  move  but  little. 

The  hanging  back  of  the  ball,  which  is  so  extremely 
obvious  in  these  trials,  cannot  be  accounted  for  by  ita 
weight;  for  weight,  in  its  strict  sense  (§§  24  and  25),  is 
mereJy  the  earth's  attraction  for  the  ball,  and  this  down- 
ward force  cannot,  save  iu  some  indirect  way,  oppose 
horizontal  motion.!     Nor  is  the  behavior  of  the  ball  to  be 

*  Make  sure  that  the  handle  of  thi'  hammer  is  strong  and  the  head 
firmly  fastened  to  it. 

j-  ft  is  true  that  the  ball  b^ns  tn  rise  a  little  when  it  swings  from 
"ta  position  of  rest,  but  this  rise  is  very  slight  at  first,  and  that  c( 
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munted  for  by  the  resistance  of  the  air,  nor  by  the  action 

f  any  other  opposing  force  applied  to  the  ball  by  known 

utside  agencies.     We  must  conclude  from  the  experiments 

[escribed,  and  other  similar  ones  in  which  the  motion  of 

fbodies  is  arrested  or  changed  in  direction,  that  it  is  thv; 

NATURE    OF    MATTER    TO    REQUIRE      FORCE    TO    SET    IT    IN 
MOTION     OR    TO    CHANGE    ITS    MOTION    IN    MAGNITITDE    OR 

DIRECTION,*  little  force  if  the  ckanf/e  of  motion  w  very 
gradual ^  greater  and  greater  force  as  Ike  suddenness  of  the 
change  is  increased. 
I  This  is  one  of  the  most  important  facts  that  we  know 
I  about  matter,  and  it  is  convenient  to  have  a  single  word 
I  which  will  call  it  to  our  minds.  We  therefore  say  that 
L  this  behavior  of  matter  manifests  a  certain  property  which 
mve  will  call  inertia.  To  say  this,  to  give  the  name  inertia 
■to  a  supposed  property,  does  not  explain  the  facts.  It  is 
K&erely  a  convenience,  for  it  enables  iia  to  use  the  one 
I&osen  word,  inertia,  in  place  of  phrases  or  sentences 
(irlnch  would  otherwise  be  required. 

If  we  now  suspend  a  much  larger  or  much  smaller  iron 
"Weight  with  the  one  just  used  and  repeat  some  of  the  ex- 
periments with  it,  we  shall  find  that  to  start  the  larger 
"Weight  with  equal  suddenness  requires  a  greater  force. 
This  being  the  case,  we  naturally  inquire  whether  W"e 
cannot  use  the  property  of  inertia  in  comparing  quanti- 
iies  of  matter,  in  determining  how  much  is  the  quantity 
!^  matter  in  one  body  compared  with  that  of  a  second 
itody,  which  process  we  call  measuring  the  quantity  of 
matter  in  the  firet  body. 

216.  Quantity  of  Matter;  Mass. — "There  are  several 
(iiaracteristi cs  belonging,  so  far  as  we  know,  to  all  kinds 


of  matter,*  which  force  themselves  habitually  upoo  om 
attention  and  are  of  such  a  nature  that  we  turn  to  theio, 
when  we  attempt  to  estimate  the  quantity  of  any  aggre- 
gation of  matter.     These  characteristics  are: 


"Matter  occupiex  space; 

"Matter  attracts  other  nKitter; 

"Matter  leguires  Ike  a'pjJicalion  of  force  to  change  it 
molion. 

"These  facts  are  here  put  in  this  order,  because  it  is 
the  chronological  order  in  which  they  are  first  recognized 
by  every  student.  .  .  , 

' '  We  shall  call  these  three  tests  [suggested  by  the  piopei- 
ties  just  mentioned]  the  volume-ltsl_  the  wtight-lesl_  and 
the  iiierlia-test  respectively.  Since  they  do  nut  all  agree, 
which  one  shall  be  selected  and  agreed  upon  as  the  best? 

"To  a  child  the  volume-test  is  a  natural  one,  perhaps 
the  only  one  he  can  apply  or  ima^no.  As  he  grows  older, 
he  observes  that  bodies  may  change  in  volume  without 
addition  or  subtraction  of  substance,  and  that  in  such 
cases  the  weight  remains  constant.  He  therefore  comes 
to  prefer  the  weight  test  to  the  volume-test.  Continuing, 
he  learns  tliat  a  given  body  does  not  weigh  the  same  [on  a 
spring- balance]  at  all  parts  of  the  earth's  surface,  and  that 
in  regions  iif  space  far  from  the  earth,  where  nevertheless 
science  has  to  deal  with  matter,  the  aspect  of  weight,  if 
we  regard  it  at  all,  is  quite  changed.  He  finds,  however, 
that  there  is  every  reason  to  believe  that  a  given  body^in 
whatever  part  of  space  it  might  be  placed,  would  require 
the  same  force  to  give  it  the  same  velocity  in  the  same 
time.  He  therefore  in  the  end  comes  to  regard  the  inertia- 
test  as  more  widely  applicable  than  the  weight-test.     He 


now  agrees  with  other  ph>-sdst«  that  two  bodies  which 
!  are  equal  in  the  inertia-test  shall  be  said  to  contain,  or 

consist  of,  equal  quaniilies  of  matter. 

"As  an  equivalent  for  the  phrase  quantiti/  of  mailer  the 
'  word  inass  is  commonly  used.  Equal  jnasses.  then,  are,  by 
.definition,  quantities  of  matter  which,  whatever  their  in- 
1  tqualily  in  other  respects,  are  alike  in  this,  that  they  require 
I  egTial  forces  to  give  them  equal  velocities  in  equal  times."  * 

An  example  of  the  inertia-test,  or  acceleration-test,  is 

.  given  in  the  next  Exercise;  but  as  e.\perinient  shows  tliat 
bodies  which  are  equal  by  the  inertia-test  are  equal  by  the 
■weightrtest  also,  and  as  the  latter  is  very  much  easier  to 
apply,  mass,  though  defined  with  reference  to  inertia,  is 
practically  measured  by  the  weight-test.  There  are  many 
advantages  in  this  practice,  but  there  is  one  disadvantage. 
The  disadvantage  is  that  many  people,  some  of  whom 
write  books  and  magazine  articles,  fail  to  distinguish 
between  inertia  and  gravity,  between  mass,  the  quantity 
of  matter  in  a  body,  and  weight,  the  pull  of  the  earth  upon 

liiiat  body, 

I  It  is  gravity  that  we  have  to  do  with  when  a  bullet  rests 
in  the  hand     It  is  inertia  that  is  manifested  when  the 

Ibullet,  fired  from  a  pistol,  forces  its  way  upward  through 
an  obstruction  against  the  force  of  gravity. 

It  is  gravity  that  tends  to  draw  the  earth  into  the  Bun. 
It  is  inertia  that  tends  to  keep  the  earth  moving  in  a 
strmght  line  past  the  sun.  It  is  a  balance  between  tliR 
two  that  keeps  the  earth  moving  around  the  sun,  neither 
falling  into  it  nor  receding  from  it.     See  §  22S. 


EXERCISE  3fi. 

(For  twii  or  threff  flurienta  working  toeetherO 

COJUPAKlSOy  OF  MASSES  BT  ACCELEBATlOTf-TEST. 

Apparatus:   Nos.  76,  77,  and  78.     Lead  scraps  ad  lAUumtoToa 

of  the  carriages.     A  pinch-cock. 

Test  oj  the  Rvbber  Tuhet. — The  Exercise  requires  these  tuba  to 
exert  tlie  some  contractive  force  when  equally  stretched.  After 
making  sure  that  they  are  of  equal  length  when  unstretehed,  which 
can  best  be  done  by  measuring  them  while  they  are  hanging  straight 
downward  from  the  carriagps,  fasten  them  together  witii  a  pinch- 
cock  at  the  free  ends,  as  in  Fig.  158,  and  then  pull  the  two  carriagM 
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away  from  each  other  until  each  tube  is  about  twice  ba  long  as  be- 
fore stretching  Ihey  are  now  subjwt  to  the  same  force,  and  if  the 
point  of  junction  is  midway  between  the  carriages,  that  is.  it  ti» 
tubes  have  stretched  equally^  they  require  no  further  adjustmeDt. 
If  on6  tul>e  has  stretched  less  than  the  other,  slit  it  open  for  a  di»- 
tajice  of  fifteen  or  twenty  centimeters  and  trim  oft  a  narrow  piwe 
along  the  edge  of  the  elit,  until  this  tube  stretches  just  as  much  u 
the  other.  The  tubes  may  now  be  separated.  Hereafter  they  will, 
vmtil  their  properties  suffer  some  change,  exert  equal  pulb  whai 
equally  stretched. 

Baianeing  Friclion. — Tlie  resistance  due  to  friction  is  balanced,  M 
nearly  as  may  be,  by  making  each  carriage  roll  upon  one  of  the 
planks,  which  are  placed  side  by  side,  so  inclined  that  the  carriage, 
once  started  very  slowly  down  the  incline,  mil  barely  continue  in 
motion  to  the  bottom.* 

Friction  being  thus  bafaneed  by  the  shght  pull  of  gravity  down 
the  incline,  the  elastic  tubes  when  used  will  have  to  deal  with  iiicrti* 
alone,  so  that  the  test  may  now  proceed  as  if  with  frictionless  car- 
riagea  on  a  level  surface. 

*  It  is  quite  likely  that  the  two  carriages  will  require  diReient  in- 
clinations, btit  with  a  good  carriage  on  a  good  plank  the  inrlinalion 
need  not  be  greater  than  1  in  50.  The  bearinira  of  the  carriages 
should  be  oiled ;  but  if  too  much  oil  is  used,  it  is  likely  to  come  into 
contact  with  the  rubber  tubes  and  spoil  them. 
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bestowed  upon  the  construction  of  the  standard  and  its 
copies  shows  how  much  regard  the  Epglish  have  for 
stability  and  accuracy  in  commercial  and  scientific  trans- 
actions. 

With  perhaps  equal  care  the  French  have  constructed 
and  established  a  standard  of  mass,  which  they  call  the 
*' Kilogramme  des  Archives."  This,  too,  is  of  platinum 
and  was  * 'intended  to  represent  the  mass  of  a  cubic  dfei- 
m^tre  of  distilled  water  at  the  temperature  4*^  C."  The 
piece  of  platinum  is  the  standard  now,  though  it  may  not 
correspond  exactly  to  the  original  intention  with  reference 
to  water. 

The  relation  of  the  English  standard  .to  the  French 
standard  is  very  accurately  known,  so  that  when  the 
English  make  up  their  minds  to  abandon  pounds,  ounces, 
grains,  etc.,  and  adopt  kilograms,  decigrams,  grams,  etc., 
they  will  be  able  to  make  the  change  without  serious 
disturbance  to  commerce. 

'  *  The  standard  avoirdupois  pound  of  the  United  States 
is  equivalent  to  the  weight  of  27.7015  cubic  inches  of  dis- 
tilled water  at  62°  Fahrenheit,  the  barometer  being  at  30 
inches,  and  the  water  weighed  in  the  air  with  brass 
weights."  * 

*  From  Webster's  International  Dictionary. 


CHAPTER  XVII. 

UNITS  FOR  PHYSICAL  MEASUREMENTS,  MOMENTUM, 

ETC. 

2i8.  Fundamental  Units.-— We  have  in  physics  a  great 
many  kinds  of  quantities  to  be  measured,  distance,  time 
velocity,  mass,  force,  work,  energy,  heat,  electrical  resist- 
ance, electromotive  force,  etc.,  and  we  need  a  well-defined 
unit  for  each. 

Such  quantities  are  not  entirely  independent  of  each 
other,  but  are  so  related  that  if  we  choose  units  in  which 
to  measure  any  three  of  them,  we  can  from  these  units 
make  up  units  for  all  the  others.  We  commonly  start 
with  the  luiits  of  length,  mass,  and  time,  and  call  these 
the  fundamental,  or  primary,  units. 

There  is  a  wide  range  of  choice  as  to  the  size  of  the  funda- 
mental units.    We  shall  commonly  take 

for  the  imit  of  length  the  centimeter, 
for  the  imit  of  mass  the  gram, 
for  the  unit  of  time  the  second, 

which  gives  lis  what  is  called  the  centimeter-gram-second, 
or  C.G.S.,  system  of  units,  the  one  most  commonly  used 
by  physicists  the  world  over.  But  evidently  we  might 
use  a  foot-pound,  or  a  meter-kilogram-second,  or  even  a 
foot-kilogram-hour,  system. 

219.  Derived,  or  Secondary,  Units. — ^Units  defined  by 

use  of  the  fundamental  units  are  called  derived  units.    For 

example,  the  unit  of  velocity  is  defined  as  a  velocity  of 
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one  centimeter  per  second,  or  one  foot  per  second,  etc.  Rate 
of  delivery  of  water  through  pipes  is  defined  as  so  many 
cubic  centimeters  per  second,  or  so  many  cubic  fed  per 
minvie,  etc. 

Some  of  the  derived  units  will  be  discussed  in  following 
articles. 

220.  Units  of  Force. — ^We  have  repeatedly  measured 
forces  in  the  Exercises  of  this  book,  using  spring-balances 
and  reading  in  pounds  or  oimces,  kilograms  or  grams. 
But  these  are  precisely  the  names  we  use  for  our  various 
units  of  mass.  How  does  it  happen  that  units  of  mass 
and  units  of  force  have  the  same  names? 

It  is  because  the  pound  (force)  is  the  pull  of  gravity 
upon  a  pound  (mass),  the  gram  (force)  the  pull  of  gravity 
upon  a  gram  (mass),  etc.  These  force-units  are  derived 
units,  of  a  kind.  They  are  defined  by  reference  to  units 
of  mass  and  to  gravitation,  and  are  therefore  called  ffravir 
tation  units  of  force. 

Such  units  are  variable,  for  the  pull  of  gravity  upon  a 
given  mass  is  not  equally  great  at  all  parts  of  the  earth's 
surface.  For  this  reason  and  certain  others,  gravitation- 
units  of  force  are  not  satisfactory  for  all  scientific  purposes. 
Engineers  find  them  convenient,  using  the  larger  units, 
pounds,  kilograms,  etc.,  and  physicists  are  not  likely  to 
discard  them  altogether;  but  much  use  is  made  of  other 
force-units,  defined,  without  reference  to  gravitation,  from 
the  three  fundamental  units  of  length,  mass,  and  time. 

Thus  we  have  the 

Dyne,  which  is  the  force  that,  acting  for  one  second  upon 
a  mass  of  one  gram,  gives  it  a  velocity  *  of  one  centimtkr 


*  This  does  not  mean  that  the  gram  will  move  one 
during  the  one  second  for  which  the  force  is  acting.     It 
if  the  gram  is  at  rest  when  the  force  begins  to  act,  it  will  gr 
a  velocity  that,  if  the  force  ceases  to  act  at  the  end  of 
gram  will  move  one  centimeter  during  the  next 
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^er  second.  This  is  the  C.G.S.  (§  218)  unit  of  force,  the 
"avorite  unit  among  phyacists. 

So  we  have  the 

PouNDAL,  which  is  the  force  that,  ading  for  one  second 
upon  a  mass  of  one  pound,  gives  U  a  vdodiy  of  one  foot  per 
aecoTid. 

Such  units  as  the  dyne  and  the  poundal,  which  are  de- 
fined without  reference  to  gravitation,  are  called  absolute 
units  of  force.  InaHa-mats,  or  occeZcrafion-units,  would 
be  a  more  expressive  name  for  them. 

The  general  definition  of  an  absolute  unit  of  force  is 
this :  The  unit  force  is  that  which,  acting  upon  the  unit  mass 
for  the  unit  time,  gives  to  it  the  unit  velocity. 

22 1.  Homentum :  Ifewton's  Second  Law  of  Motion. — 
Experiment  shows  that  the  following  equation  holds  true: 

,mXv 
'         t    ' 

where  /  is  a  force,  expressed  in  dynes ; 
m   "     mass,  "         "  grams; 

t   "    time,  "         "  seconds; 

V   "    velocity,    "         "  centimeters  per  second, 
\^ch  is  given  to  the  mass  m  by  the  force  /  in  the  time  (. 

Definition. — The  product  mXv  is  called  the  numientum 
of  the  mass  m  mth  the  velodty  v. 

Accordingly,  the  equation  just  ^ven  means  that  a  force 

IB  measured  by  the  momentiun  it  can  impart  in  unit  time. 

Tlus  is  equivalent  to  Newton's  Second  Law  of  Motion, 

B  stated  and  explained  by  Maxwell  in  his  little  book  on 

iitMer  and  Motion. 

irThe  same  equation  "nmS^^^^^B^th  frrre  expressed 
t  poundals,  liietauco  ill  fl^^^^^^k  iMutxi^i  etc. 
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If  the  force  were  expressed  in  gravitation-wi 
poxinds,  the  equation  would  not  be  so  simple, 
then  be 

'"  gxt' 

g  having  the  value  shown  in  §  224. 

PROBLEMS. 

(1)  A  force  of  10  dynes  acts  on  a  mass  of  5  grams  st£ 
rest.  How  fast  is  the  mass  moving  at  the  end  of  the 
at  the  end  of  the  second  second?  third  second?  eightl 

(2)  A  force  of  12  d)aies,  acting  5  seconds,  imparts  to  a 
a  final  velocity  of  3  cm.  per  second.     How  great  is  the  i 

(3)  A  force  of  200  dynes  acting  upon  a  mass  of  50  g 
final  velocity  of  100  cm.  per  second.  How  many  secc 
force  act? 

(4)  A  certain  force  acts  upon  a  mass  of  20  gm.  for  1( 
gives  it  a  final  velocity  of  50  cm.  per  second.  How 
force? 

(5)  A  force  of  50  poundals  acts  upon  a  mass  of  50  lbs. 
What  velocity  in  feet  per  second  does  it  give? 

(6)  What  force  in  poundals  would  give  to  a  10-11 
seconds  a  final  velocity  of  20  ft.  per  second? 

(7)  The  momentum  of  a  certain  mass,  reckoned  i 
system,  is  400.  If  this  was  given  by  a  force  of  80  dyi 
a  time  was  required? 

222.  Resistance:   Loss  of  Momentum. — ^A 

friction  for  instance,  is  merely  an  opposing  fon 
to  destroy  motion.    The  equation 

,_mXv 
'        t 

holds  as  well  for  opposing  forces  as  for  accelera 
but  when  the  force  is  an  opposing  one  mXv 
the  momentum  lost  by  the  moving  body  in  the  ti 
Gravitation  acts  as  an  accelerating  force  up( 
body,  and  as  an  opposing,  or  retarding,  force  uj 


■^1  k  B  atMMit  S3.V  piiiMtiUU 
■  y  in  fwl  (Kir  •< ( 

r  Ihi' tonlliT 

itKvond  ur  lU  fuUI  \u  iJiu 
ifiiBt  tvo  aeeondfT  tte  first  iftm  wmmkIs? 

(5)  How  fluay  djxcs  «<qwd  a  I-fto.  TonvT 

(6)  Hmr  nMiy  poidih  eqaal  a  I-jwiind  ron'uT 

The  Laws  of  Palling  Bodl««. 


223.  Eemarks, — ^^V'e  haw  al 
dealing  with  falling  or  mws 
eleineiitar>'  text-books  of  [ihyi 

to  such  f^roMpms       TTip  n„^i 

this  1^  '■    ■ 
being  t 
or  ret;,! 
unifon;  1 
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reasonable  hdght.  Experiments*  with  actually  falling 
bodies  are  frequently  made. 

224.  Acceleration  and  Velocity. — ^The  force  of  gravity 
acting  upon  the  rising  or  falling  body  being  supposed  un- 
changeable, or  ''constant,"   the  law  /=— r— ,    or  -.-  =  - 

t  t     in 

(§  221),  shows  that  the  rate  of  change  of  velocity,  v^t, 
which  is  called  the  acceleration,  is  imchangeable,  or  con- 
stant. This  fact  has  been  illustrated  by  some  of  the 
problems  given. 

Moreover,  since  the  pull  of  gravity  upon  any  given  body  is 
proportional  to  i  ts  mass  ( §  2 1 6) ,  we  see  that  /  -7-  m  will  be  the 
same  for  different  masses,  and  so  v-i-t,  the  ac- 
celeration, will  be  the  same  for  diflferent  masses. 

*  Direct  experiments  upon  the  laws  of  freely  fall- 
ing bodies  are  rather  dimcnlt  to  make  with  simple 
apparatus,  on  account  of  the  very  short  time  that  is 
required  for  falling  ordinary  e^cperimentsd  distances, 
but  certain  other  experiments  to  illustrate  the  action 
of  a  uniform  force  in  causing  change  of  motion  can 
be  made  with  the  familiar  Attwood's  machine,  the 
construction  of  which  is  described  in  most  of  the 
larger  treatises  upon  physics.  This  apparatus  con- 
sists essentially  of  two  ec^ual  weights  m,  and  m, 
(Fig.  160),  with  a  small  additional  weight,  m,  on  one, 
fastened  to  the  ends  of  a  thread  passing  over  a  pulley, 
P,  together  with  an  attachment  for  beating  seconds 
and  for  determining  accurately  the  time  of  the  begin- 
ning and  the  end  of  motion.  The  rate  of  increase  of 
velocity  with  this  machine  is  uniform,  but  is  much  less 
than  in  the  case  of  a  freely  falling  body. 

Another  device  consists  of  an  inclined  plane  down 
which  some  body  is  p>ermitted  to  roll  or  slide.  If  the 
body  rolls,  however,  the  case  is  seriously  complicated 
by  the  very  fact  of  the  rotational  motion  acquired, 
and  if  the  body  slides  friction  is  likely  to  be  trouble- 
some. 

In  view  of  all  the  difficulties  in  the  way  of  suc- 

pu        cessful  experiments  upon  the  effects  of  a  uniform  force, 

lJ       and  successful  interpretation  of  these  experiments,  "we 

*"*      shall  not  attempt  in  this  book  an  experimental  treat- 

FxG.  160.      ment  of  the  matter. 
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This  acceleration  is  a  very  important  quantity  is  physics, 
so  important  that  a  certain  letter,  g,  is  set  apart  to  indicate 
it.  "  The  value  of  g"  "the  determination  of  g"  etc., 
are  phrases  understood  by  physicists  the  world  over  as 
referring  to  this  quantity. 

As  the  problems  already  given  indicate,  g  is  about  980  * 
cm.,  or  about  32.2  ft.,  per  second. 

If  V  stands  for  the  velocity  acquired  in  t  seconds  by  a 
body  falling  freely,  we  have 

v=gXt (A) 

If  at  the  beginning  of  the  time  t  the  body  has  already  a 
vertical  velocity  Vi,  the  change  of  velocity  will  be  just  as 
great  as  if  it  started  from  rest,  so  that  the  velocity  at  the 
end  of  t  seconds  will  be  v=v^+{gy,t). 

The  case  in  which  the  body  is  started  with  an  upward 
velocity  requires  the  formula  v=^—v^+{gy,t)y  veloci- 
ties upward  being  called  negative  velocities. 

225.  Distance  Travelled. — In  the  case  of  a  falling  body 
having  a  downward  velocity  v^  at  the  beginning  of  t  seconds, 
the  velocity  at  the  end  of  the  t  seconds  is,  as  we  have  seen, 
})=zv^+gtj  and  the  average,  or  meaUj  velocity  during  the 
5  seconds  is  i(Vi+v)  =  i{v^+Vi+gt)=Vi+igt,  so  that  the 
jistance  travelled  is 

8=^tX(v^+igt)=v^t-{-igt\       .    .    .    (B) 

If  Vi  is  0,  that  is,  if  the  body  falls  from  rest  at  the  be- 
^ning  of  the  t  seconds,  the  mean  velocity  is  igt  and  the 
listance  is 

s=fe*^    (c) 

*  It  varies  from  about  978  cm.  per  second  at  the  earth's  equator 
iO  about  983  cdo.  per  second  at  the  poles. 
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Observe  that  the  distance  s  in  equation  (B)  is  made  tqp 
of  two  terms — v^t,  which  is  evidently  the    distance  tkn 'r 
body  would  go  in  t  seconds  if  it  kept  its  initial  velodly^    - 
gravity  not  acting,  and  igt^,  the  distance  it  would  gp  lift 
the  t  seconds  if  it  had  no  initial  velocity. 

If  the  body  were  started  with  an  upward  velocity,  % 
would  be  called  negative,  and  the  distance  travelled  (tou»» 
ward  would  be 

s=-v,t+igt\       P)     ■ 

226.  Equations    (A),    (C),    and    (E). — ^The  foUoTOf    ' 
equation,  obtained  from  (A)  and  (C)  by  eliminating  ^ 
is  often  useful: 

v^=2gs (?) 

It  is  well  for  the  student  of  physics  to  commit  equa- 
tions (A),  (C),  and  (E)  to  memory  so  thoroughly  thattha 
tongue  can  say  them  mechanically,  even  when  the  birift 
has  lost  its  hold  upon  them. 

PROBLEMS. 

(In  the  following  problems  call  gr=980  cm.  or  32.2  ft.  per  second. 
When  the  velocity  of  a  falling  or  rising  body  is  very  great,  the  re- 
sistance of  the  air  is  an  important  matter,  especially  if  the  body  is  * 
small  one  of  little  density.  All  consideration  of  friction  is  omitted 
from  these  problems,  and  therefore  the  results  obtained  by  calcul*" 
tion  are  in  some  cases  considerably  different  from  those  which  ex- 
periment would  give.) 

(1)  A  body  is  started  downward  with  a  velocity  of  500  cm.  per 
second  and  falls  freely.     How  fast  will  it  be  moving  at  the  end  of 

1  second?  2  seconds?  5  seconds? 

(2)  If  the  initial  velocity  were  2000  cm.  per  second  upward,  whftt 
would  be  the  velocity  and  direction  at  the  end  of  1  second?  2  sec- 
onds? 5  seconds? 

(3)  If  the  initial  velocity  were  50  ft.  per  second  downward,  whft* 
would  be  the  velocity,  in  feet  per  second,  at  the  end  of  1  secoodt 

2  seconds?  5  seconds? 
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(4)  If  the  initial  velocity  were  100  ft.  per  second  upward,  what 
would  be  the  velocity  and  direction  at  the  end  of  1  second?  2  sec- 
onds? 5  seconds? 

(5)  A  falling  body  has  acquired  a  velocity  of  3000  cm.  per  second, 
(o)  How  long  has  it  been  falling? 

(6)  If  it  were  started  upwards  with  the  same  velocity,  how  long 
would  it  continue  to  rise? 

(6)  How  long  must  a  body  that  starts  downward  with  a  velocity  of 
60  ft.  per  second  fall  in  order  to  have  a  velocity  of  100  ft.  per  second? 

(7)  A  body  starts  upward  with  a  velocity  of  100  ft.  per  second, 
(a)  How  long  after  this  start  wUl  it  have  a  velocity  of*  50  ft.  per 

second  upward?  j 

(6)  How  long  after  the  start  wUl  it  have  a  velocity  of  50  ft.  per 
second  downward? 

(8)  In  Problem  (1)  what  would  be  the  mean  velocity  during  the 
1st  second?  during  the  first  2  seconds?  during  the  first  5  seconds? 

(9)  In  Problem  (3)  what  would  be  the  mean  velocity  during  the  1st 
second?  during  the  2d  second?  during  the  5tti  second? 

(10)  A  body  falls  freely  from  rest.  How  many  cm.  does  it  fall 
during  the  1st  second?  during  the  first  2  seconds?  the  first  3  seconds? 
the  first  4  seconds? 

(11)  How  many  cm.  does  the  body  fall  during  the  2d  second?  the 
3d  second?  the  4th  second? 

(12)  How  many  feet  does  the  body  fall  during  the  1st  second?  the 
first  2  seconds?  the  first  3  seconds?  the  first  4  seconds? 

(13)  How  many  feet  does  the  body  fall  during  the  2d  second?  the 
3d  second?  the  4th  second? 

(14)  A  bullet  is  shot  upward  with  a  velocity  of  300  m.  per  second. 
How  far  will  it  rise  in  the  1st  second?  in  the  first  2  seconds?  How 
far  will  it  rise  in  all? 

(15)  (a)  How  far  above  the  starting-point  will  the  bullet  in  Prob- 
lem (14)  be  after  40  seconds? 

(6)  How  many  seconds  after  starting  upward  will  it  reach  the 
starting-point  again? 

(16)  A  falling  apple  has  acquired  a  velocity  of  15  m.  per  second. 
From  what  height  has  it  fallen? 

(17)  A  boy  throws  a  stone  straight  upward  100  ft.  With  what 
velocity  does  tb«  9tone  leave  his  hand? 
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227.  Ottier  Cases  of  Uniform  Acceleration. — GrB7itR> 
tion,  as  we  have  just  dealt  with  it,  ia  merely  a  study  of 
unifonn  acceleration,  with  a  particular  value,  g,  iiyr  that 
acceleration.  If  we  were  dealing  wth  any  other  caae, 
with  an  acceleration  a,  caused  by  any  other  fort^e  than 
gravitation,  we  should  have,  corresponding  to  formulas 
(A),  (B),  etc., 

v=at; (A') 

■  s=V4-i«''; (BO 

'   s=^ai'; {CO 

i;'=2«3 (EO 


fl)  A  moving  mass  of  30  gm.  is  opposed  by  a  force  of  150  dynea. 
How  great  is  the  (negative)  acceleration? 

(2)  If  the  initial  velocity  or  this  mass  is  200  cm.  per  second — 

<o)  How  long  will  it  move  ag^nst  the  given  reaistance  before  com- 
ing to  rest? 

(fl)  How  far  will  it  move  liefore  coming  to  rest? 

228.  Force  Required  to  Change  the  Direction  of  Mo- 
tion: "Centrifugal  Force." — In  many  cases  change  of 
motion,  affects,  not  its  magnitude,  but  its  direction.  Even 
this  change  requires  the  application  of  force.  If  a  person 
swings  a  weight,  fastened  to  the  end  of  a  string,  with  uni- 
form velocity  in  a  horizontal  circle  about  his  head,  he  is 
conscious  of  exerting  a  continual  pull  in  order  to  prevent 
the  ball  from  getting  away.  The  tendency  of  the  ball  to 
escape  from  its  circular  path,  which  tendency  makes  neces- 
sary the  retaining  pull,  is  usually  called  cenlrifugal  force. 

It  must  not  be  supposed  that  centrifugal  force  means 
a  tendency  to  fly  straight  away  from  the  centre.  Experi- 
ment and  observation  will  show  that,  if  the  weight  is  at  any 
time  released,  it  starts  off  in  a  stright  line  which  is  a"  tan- 
gent "  to  the  circular  path  at  the  point  where  the  release 
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occurs.  It  is  this  tendency  of  bodies  in  motion  to  move 
on  in  a  straight  line  that  prevents  all  the  planets  of  our 
solar  system  from  falling  into  the  sun.  The  sim's  attrac- 
tion for  them  is  like  the  pull  between  the  hand  and  the 
revolving  weight.* 

It  was  no  mere  accident  that  made  equilibrium  between 
gravitation  and  the  centrifugal  tendency  in  our  solar  sys- 
tem. If,  for  instance,  the  sun's  attraction  for  the  earth 
.were  suddenly  doubled,  the  earth  would  not  in  consequence 
be  drawn  into  the  sun.  It  would  approach  nearer  to  the 
sun,  and  in  so  doing  would  be  subject  to  a  stronger  and 
stronger  attraction,  but  on  the  other  hand  it  would  revolve 
faster  and  faster  around  the  sun,  and  in  a  smaller  circle, 
which  would  make  the  centrifugal  tendency  greater.  The 
centrifugal  tendency  would  increase  more  rapidly  than  the 
attraction,  and  at  last  there  would  be  equilibrium  again. 
If  the  sun's  attraction  were  somewhat  too  small,  the 
opposite  effect  would  take  place.  The  earth  would  move 
away  somewhat  farther  till  equilibrium  was  restored. 

In  fact,  this  process  of  self -adjustment  is  continually 
going  on  in  the  solar  system.  The  earth,  fur  example,  is 
slightly  nearer  to  the  sun  at  one  time  in  the  year  than  at 
other  times. 

*  We  Bay  this  now  with  (jreat  confidence,  although  two  hundred 
and  fifty  years  ago  vezy  different  theories  in  regard  to  the  motions 
of  the  planets  were  held.  Sir  Isaac  Newton  proved  about  1 680  that 
the  earth's  attraction,  supposed  to  decrease  in  proportion  as  the 
■quare  of  the  distance  between  its  centre  and  that  of  the  attracted 
body  increases,  is  just  suflicient  to  hold  the  moon  in  its  orbit,  if  the 
moon  acta  like  ordinary  niatter  with  which  we  are  familiar.  He 
■bowed,  too,  that  the  same  natural  supposition,  a  mutual  attraction 
Univeraany  proportional  to  the  square  of  the  distiOnce  between  the 
attracting  bodies,  would  account  for  the  retention  of  the  various 
planets  in  their  orbits  about  the  sun,  provided  these  planets  act  Uke 
ordinary  bodies  upon  our  earth.  We  accept  Newton's  theories  be- 
cause of  their  simplicity — they  do  not  caJl  into  action  among  the 
■tare  properties  ot  matter  unknown  to  us  upon  the  earth — and  be- 
cause of  their  completeness — ^they  account  for  the  magnitude  of  the 
ItffectB  observed  ae  well  aa  for  their  general  nature. 
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EXPERIHEHTS. 

(1)  Half  fill  the  bitiuII  brass  bucket  (No.  6)  with  water  and  thai, 
holding  it  by  the  wire  handle,  whirl  it  in  a,  vertical  circle  at  arm's 

(2)  Fill  an  ordinary  set  waah-baain,  having  a  stopper  at  the  bot- 
tom, with  water,  give  this  water  a  vigoroiia  rotary  motion  and  tlea 
pull  out  the  stopper.  Note  the  behavior  of  the  water  over  the  vait, 
and  the  number  of  aeeonda  required  to  empty  the  basin. 

Repeat  the  experiment,  filling  the  basin  as  before,  but  allowingthe 
water  to  come  to  rent,  as  shown  by  the  stillneas  of  particlea  floating 
upon  it,  before   pulling  out   the  stopper. 

229.  Combiaatioii  of  Hoiizootal  and  Vertical  Hotion,— 

The  student  may  have  some  doubt  as  to  the  exact  action 
of  gravity  upon  a  body  having  horizontal  motion.  It  is 
probably  a  common  belief  that  initial  horizontal  motion 
makes  a  body  slower  to  fall  than  if  it  were  dropped  from 
rest.  This  is  true,  if  the  horizontal  movement  is  great 
enough  to  bring  into  consideration  the  curvature  of  the 
earth,  which  is  usually  not  the  case. 

EXPERIHEirr. 

Fix  apparatua  No.  LV  (Fig.  161)  in  a  horizontal  position  several 

feet  above  a  level  floor.      Put  the  .two  marbles  in  place  in  their 
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notches,  then  pull  the  free  end  of  the  long  bar  quickly  to  one  side. 
One  of  the  marbles  is  shot  out  horij^ontallj-  with  considerable  veloc- 
ity. The  other  is  merely  deprived  of  its  support  and  foUa  nearir 
straight  down.     Which  strikes  the  floor  first?  J^M 

The  Pendulum.  ^H 

230.  Relation  of  Pendtilum-motion  to  ff. — The  motion 

of  the  pendulum  is,  of  pourse,  due  primarily  to  the  earth's 
attraction.     If  the  earth's  attraction  for  a  given  mass 
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ire  greater  than  it  is,  the  time  of  vibration  of  a  ^ven 

ndulura  would  be  less  than  it  now  ia.     In  fact,  the  time 

vibration  of  a  given  pendulum  is  different  at  different 

arts  of  our  earth,  the  earth's  attraction  for  the.  matter  of 

te  pendulum  being  different  in  different  regions,  'while 

le  mass  (§  216)  of  the  pendulum  is  everywhere  the  same. 

We  need  to  distinguish  two  classes,  simjde  peTidvIums 

id  compound  pendulums. 

•  A  small,  heavy,  ball  suspended  by  a  long,  light,  thread 
,  approximately  a  simple  pendulum.  The  whole  mass 
'baxt  be  regarded  as  concentrated  at  the  centre  of  the  ball, 
and  the  length  of  the  pendulum  is  taken  as  the  distance 
from  the  point  of  support  of  the  thread  to  the  centre  of 
the  ball. 

Pendulums,  like  those  used  in  clocks,  in  which  the 
weight  of  the  suspending  part  cannot  be  neglected  in 
comparison  with  the  weight  of  the  ball  or  606,  are  called 
compound. 

In  the  case  of  the  simple  pendulum  the  relation  be- 
tween the  time  of  a  single  awing,  (,  expressed  in  seconds, 
tiie  length,  /,  and  the  acceleration  of  gravity,  g  (§  224),  is 

L  -4 

jp  bring  the  familiar  3.14 (§  12). 

We  shall  not  attempt  to  prove  this  formula  as  a  whole, 
though  experiments  which  follow  will  illustrate  its  mean- 
ing in  cert^n  particulars. 

The  value  of  71  being  accurately  known,  it  is  evident 
that,  if  we  can  find  t  and  I  for  a  given  simple  pendulum, 
we  can  calculate  g.  Now  both  (  and  I  are  easy  to  measure, 
and  therefore  observations  with  the  pendulum  are  the 
best  means  of  finding  g. 

The  determination  of  g  at  many  different  parts  of  the 


earth's  surface  is  of  much  interest,  on  account  of  the  infor 
mation  which  the  variation  of  g  from  place  to  place  gves 
in  regard  to  the  shape  and  interior  condition  of  the  earth. 
Accordingly,  various  goveninienta  have  employed  sldllei 
obaserers  to  make  pendulum  observations,  and  these  ob- 
servers have  travleled  far  and  wide  over  the  earth  in  order 
that  the  same  pendulum  might  be  studied  by  the  same 
person  in  widely  different  re^ons.  The  value  of  g  at  the 
poles  is  about  one  part  in  two  hundred  greater  than  its 
value  at  the  equator,  a  fact  which  is  accounted  for  partly 
by  the  shortness  of  the  polar  diameter  of  the  earth  as  com- 
pared with  the  equatorial  diameter,  and  partly  by  the 
slight  tendency  of  bodies  to  fly  off  at  a  tangent,  parting 
company  with  the  rotating  earth  (see  §  228),  which  ten- 
dency is  greater  at  the  equator. 

In  such  work  as  that  just  mentioned  it  is  customary 
to  use  not  a  simple  pendulum  but  a  compound  pendulum 
of  peculiar  shape.  This  is  called  a  reversible  pendulum 
from  the  fact  that  it  is  provided  with  two  cross-bars,  ot 
axes  of  suspejision,  one  for  supporting  it  with  one  end 
down,  the  other  for  supporting  it  with  the  other  end 
dowTi,  the  time  of  vibration  being  the  same  on  each  of 
the  two  axes.  The  time  of  vibration  of  such  a  revereible 
pendulum  is  the  same  as  tbat  of  a  simple  pendulum  having 
a  length  equal  to  the  distance  between  the  two  axes  of 
the  reversible  pendulum. 

It  is  to  be  noted  that  the  formula  ^veu  above  makes 
no  mention  of  the  mass  of  the  pendulum  or  of  the  length, 
or  width,  of  its  swing.  One  might  draw  from  this  the 
inference  that  the  time,  t,  of  a  swing  does  not  depend 
on  the  mass  of  the  ball  or  on  the  width  of  the  swing.  The 
following  experiments  bear  on  the  question  whether  this 
inference  is  correct.     If  the  time  is  found  to  depend  on 
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(1)  How  does  the  (ime  Taquired  for  a  sirujle  aicing  depend  npon  ttt 
length,  or  vridik,  of  the  excingT 

Set  No.  1  and  >>u.  2  swin^ring  at  the  same  instant  and  vi\h  Oa 
same  width,  or  length,  of  swing,  and  watch  them  both  for  a  Htlla 
while  until  it  is  pl^u  that  under  these  circumstances  they  keep 
together.  No.  1  taking  just  as  long  a  time  for  one  swing,  or  for  eaj 
number  of  awing?,  as  No.  2  does. 

Then  draw  the  ball  of  No.  1  about  one  inch  aside  from  its  poritioQ 
of  rest,  and  the  ball  of  No.  2  about  fifteen  inches  aaide  from  its 
position  of  rest,  and  release  both  balls  at  the  same  instant.  Wat«h 
the  two  for  some  Uttle  time,  a  quarter  of  a  ininut«  or  longer,  and  see 
whether  at  the  end  of  that  time  they  begin  each  swing  together,  as 
they  did  at  first.  If  they  do  not,  observe  which  one  has  gained  upon 
the  other,  and,  after  one  or  two  repetitions  of  the  experiment,  write 
down  an  answer  to  the  question  which  the  experiment  was  intended 
to  meet.  This  answer  should  state  which  swing,  the  long  or  tie 
short,  if  either,  taltes  the  longer  time,  and  whether  the  difference  in 
time  is  large  or  small  compared  with  the  time  of  either  swing. 

(2)  Hmn  does  Ike  time  required  for  a  singU  aiving  depend  upon  Ae 
length  of  (he  pendulum  from  the  support  dawn  to  the  centre  of  the  haUf* 

Let  one  person,  holding  a  watch  in  his  hand,  draw  ball  No.  2 
several  inches  aside  from  its  position  of  rest  and,  releasing  it  at  a 
convenient  moment,  give  a  signal  to  the  class,  and  let  the  cUs 
count  tiie  number  of  single  swings  till,  at  the  end  of  20  seconds  from 
the  start,  a  signal  is  given  to  stop  counting. 

In  a  similar  manner  the  number  of  swings  of  No.  3  in  20  seconds 
and  the  number  of  swings  of  No.  4  in  an  equal  time  are  found,  and 
the  observations  for  the  three  pendulums  are  recorded  in  a  table,  se 
follows: 


Whole 


Nan 


ie<]{ 


Hie  numbers  to  fill  the  fourth  column  must  be  found  from  those 
in  the  second  and  third  columns.     A  comparison  of  the  fourth  cci- 

♦  It  is  interesting  and  even  amusing  to  watch  pendulums  1  and  3 
or  3  and  4  swinging  at  the  same  time,  both  being  started  at  the  end 
of  a  swing  at  the  same  instant. 
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umn  with  the  sbcth  column  will  probably  bIiuw  n  > 
ment  with  tlie  rormula  of  S  230. 

(3)  Weight  of  Pcndu/um-toW,^ Finally,  a  cmiipiiriiii.^i  in  i>(>.  i  ontl 
No.  5,  set  in  motion  ut  the  same  time  and  with  tlip  same  wiilth  of 
swing,  will  show  whether  the  time  of  swing  depend*  mwh  upon  the 
nature  of  the  suspended  body. 

It  will  doubtlea^  be  noticed  that  the  width  of  swing  of  the  lightnr 
body  diminiehea  more  rapidly  than  that  of  the  heavier  one.  Thi« 
gradual  loss  of  motion  is  due  to  the  resistanee  of  the  air.  Tlie  r^ 
SLstance  is  about  the  same  for  both  bodies  if  they  lia\'e  the  same  aite, 
shape,  and  velocity,  but  a  li"* '  ""^y  is  more  qiiipklj'  Rtopped  by  a 
given  resistanee  than  h  bea..,..  dy.  This  is  the  reason  why  one 
cannot  throw  an  acorn  or  a  pieti,-  vi  cork  bo  far  as  one  can  a  stone  of 

331.  Use  of  PendtUtim  in  Clocks.— In  the  works  of  an 
old-faahioned  clock  the  motive-power  is  u  heavy  weight 
working  upon  a  kind  of  pulley  by  means  of  a  long  cord, 
but  the  device  which  governs  the  speed  of  the  works 
and  allows  the  motion  to  be  neither  too  faat  nor  too  Slow 
is  the  pendulum.  As  a  crowd  of  men  at  a  turnstile,  how- 
ever they  may  try  to  force  their  way,  can  pass  no  faster 
than  the  swinging  tumstiJe  permits,  so  the  clock-weight, 
which,  if  the  control  were  removed,  would  run  down  at 
once  witli  a  furious  buzzing  of  the  wheels,  is  allowed  by 
the  pendulum  to  descend  only  very  slowly,  a  very  little 
distance  at  every  swing  of  the  pendulum,  and  not  at  all 
when  the  pendulum  does  not  move. 

232.  Springs  in  Place  of  Pendulums.— It  has  bwn  .^aid 
aboi'o  that  peiidulimis  are  used  to  t;ontroJ  docks,  but 
many  clocks  and  all  watches  are  controlled  by  means  of 
vibrating  springs;  for  these,  like  pendulums,  are  very 
regular  in  their  swings  and  so  are  good  timekeepers. 
The  controlling  springs  {see  the  "balance  '  of  a  watch, 
Fig.   185)  must  not  be  confused  with  the  much  larger 
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c^nmnghsprings,   or   "main-springs,"   which   are  used  in 
watches  and  in  most  clocks  of  the  present  day. 

QUESnONS. 

1.  If  one  pendulum  is  9  inches  long  and  another  is  64  inches  long^ 
how  will  the  time  of  vibration  of  the  first  compare  with  that  of  tbfi 
second? 

2.  If  pendulum  A,  39  in.  long,  vibrates  once  in  a  second 
penduliun  B  vibrates  one  3  in  5  seconds,  what  is  the  length  of  £? 


CHAPTER  XVUL 

ACTION  AND  REAOnON. 

Ul  Force  a  Motoal  Action.— We  have  discussed  at 
igth  the  effect  of  a  force  applied  to  a  body  in 
;  the  direction  or  magnitude  of  the  body's  motion, 
rce  always  requtres  the  intetaction  of  two  bodies, 
two  bodies  are  always  affected  in  oppoate  direo- 
tiiiB  interaction.  Dlustrations  of  such  mutual 
re  common  in  the  student's  experience.  Two 
nick  together  will  indent  each  other.  A  bat 
mS  and  turns  it  back,  but  the  ball  stops,  or  at 
5cks,  the  bat.  A  weight  pushes  down  upon  a 
ich  pushes  it  up. 

™e  that  in  many  cases  the  effect  is  visible  in  one 
only.  A  pebble  thrown  agmnst  a  massive  atone- 
/  appear  to  make  no  impression  upon  it.  But 
bservations  may  detect  in  the  wall  a  slight  jar 
jtant  of  collision ;  and  even  if  this  is  not  the  case, 
0  familiar  with  the  fact  that  mutual  shocks  are 
y  such  collisions,  and  with  the  further  fact  that 
ects  too  small  to  be  easily  perceived  really  exist, 
lave  no  difficulty  in  believing  that  the  case  is  only 
cnt  exception  to  a  universal  rule- 
w,  actum  is  equal  to  reaction,  is  verbally  so  esey 
ly  people  have  it  on  their  tongues  without  bein^ 
nake  any  accurate  use  of  it  and  without  accept- 
jnsequences.  For  example,  imagine  two  men,  A 
lushine  against  each  other,  and  so  balanced  thiM 
2W 


neither  is  gaining  any  advantage.  It  is  easy  to  see  tiiat 
in  this  case  A  pushes  against  B  just  as  hard  as  B  pushes 
against  .4.  But  let  A  be  g^ning  an  advantage,  so  that  B 
is  pushed  backward:  is  B  now  pushing  aghast  A  as  hard 
as  A  is  pushing  against  B?  Perhaps  nine  persons  out 
of  ten  would  answer  no,  although  in  so  doing  they  wouid 
virtually  deny  the  truth  of  the  law,  reaction  is  alviAyi 
equal  to  action. 

The  case  stands  thus:  A  is  trjing  to  push  himself  fo^ 
ward,  and  he  encounters  an  opposing  force  at  the  surface 
of  contact  with  B.  B  is  trying  to  push  himself  forwanl, 
and  he  encountere  an  opposing  force  at  the  surface  of 
contact  with  A.  A  will  go  fonvard,  if  the  push  which  he 
gives  himself  is  greater  than  the  opposing  force  he  meets 
at  the  surface  of  contact  with  B.  B  will  go  backward,  if 
the  push  he  gives  himself  is  less  than  the  opposing  foree 
he  meets  at  the  surface  of  contact  with  A.  Nowthae 
conditions,  which  insure  that  A  shall  previul  over  B,  are 
evidently  quite  consistent  with  the  further  condition, 
which  the  law,  reaction  is  equal  to  action,  requires,  that 
the  push  of  A  against  B  shall  be  neither  greater  nor  ksB 
than  the  push  of  B  against  A. 

Shall  we  say,  then,  without  qualification,  that  A  pushes 
no  harder  than  B?  No.  We  must  observe  the  full  sig- 
nificance of  the  phrases,  agaiiist  B,  against  A.  The  forte 
which  A  exerts  from  behind  to  push  himself  forward,  the 
vis  a  tergo,  may  be  greater  than  the  corresponding  force 
which  B  exerts.  If  so,  the  excess  of  .4'6  vis  a  tergo  over 
B's  is  spent  in  setting  in  motion  the  bodies  of  the  two  mai. 

334.  Object  of  Exercises  37  and  38, — While  it  isusual^ 
e'wdent  that  the  large  mass  suffers  less  change  of  velodV 
than  the  small  mass  in  any  collision  or  other  interacUcm 
between  them,  the  definite  law  of  such  cases  is  not  at  fiist 
evident. 


t  Is  the  change  of  velocity  of  each  mass  inversely  propor- 
'fional  to  the  mass  itself?  If  so,  the  change  of  momentum 
(gg  221  and  222)  of  one  mass  will  be  just  as  great  as  that 
of  the  other.  The  object  of  Exercises  37  and  38  is  to  see 
whether,  in  a  few  simple  cases  of  coUision,  the  changes  of 
momentum  of  the  two  bodies  used  are  equally  great. 

In  making  this  t«st  we  shall  find  it  convenient  to  call 
momentum  in  one  direction  positive,  and  momentum  in 
the  opposite  direction  negative,  just  as  we  have  already 
sometimes  called  velocity  in  one  direction  positive  and 
velocity  in  the  other  direction  negative. 

If  we  have  this  understanding  about  signs,  it  is  evident 
that  one  body  will  suffer  a  +  change  of  momentum  and 
the  other  a  —  change  of  momentimi  in  the  collision.  If 
these  two  changes  are  numerically  equal,  the  total  momen- 
tum, that  is,  the  algebraic  simi  of  the  two  momenta,  will 
be  just  as  great  after  collision  as  before.  It  will  be  like 
this: 

Momentum  before.  Momentum  after. 

M,+  Mj      =      (M,-ch.M)+{M^+ch.M), 
where  M^  is  the  momentum  of  one  body,  and  M^  that  of 
the  other  body,  before  colhslon,  and  ck.  M  is  the  numerical 
value  of  the  change  of  momentum  of  each. 

For  example,  if  a  mass  of  20  gm.,  moving  north  at  the 
rate  of  50  cm.  per  second,  which  we  will  call  a  +  velocity, 
should  strike  a  masa  of  15  cm.  moving  south  at  the  rate  of 
40  cm.  per  second,  which  we  will  call  a  —  velocity,  and  if 
the  change  of  momentum  suffered  by  each  were  500,  we 
^tould  have 

^'    Momentum  before.  Momentum  after, 

■<2OX5O)-(15X40)=[(2OX50)-50O]-[(15X40)+5O0]. 

In  the  two  Ekercises  which  follow  we  cannot  find  the 
actual  velocities  in  centimeters  or  feet  per  second,  or  the 
actual  momenta.    But  we  can  find,   approximately,  the 
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reltUive  velocities,  that  is,  quantities  which  will  bear  Ot 
same  ratios  to  each  other  that  the  actual  velocities' b«i   .' 
and  so  we  can  get  the  relative  momenta,  wluch  will  t^    :; 
all  we  need  for  the  purpose  of  our  test.  ' :  -4 

For  instance,  suppose  that  in  a  certain  case  we  aie  t6U  .  i 
not  the  real  momenta,  Jtf„  Af„  Af,',  Mj,  but  the  nh"  "4 
tive  momenta,  MJc,  M^,  M/k,  and  M/k,  k  being  tin  3| 
same  quantity  throughout,  we  can  tell  whether  ^ 

Moment  before.       Moment  after.  '    ^ 

even  when  we  do  not  know  the  value  of  k.    Fot  if 
M,k+MJc^M,'k+Mj% 
it  must  be  that 

EXPESIHEirr. 

(Preliniinary  to  Exereiae  3T.) 
Apparatus:  Two  simple  pendulmns  wA 
euspensions  of  equal  length,  the  longer  tht 
better.  Wctoden  blocks  to  be  struck  by  tl* 
pendulum-balla  at  any  chosen  points  of  tbar 
paths.     A  meter-rod. 

Suspend  the  pendulums  so  that  there BbaUIn 
about  4  cm.  of  clear  space  between  the  balk 
Place  the  meter-rod  between  the  balb,  with  ih  i 
length  at  right  angles  with  the  line  coimerliBI  ) 
the  centres  of  the  bolls.  Draw  one  of  tiie  bill 
to  one  side  60  cm.,  as  measured  on  the  rod,  imd 
the  other  ball  in  the  same  direction  30  cm.,  ■) 
in  Fig.  164.  Place  the  blocks  so  that  esch  btl 
will  strike  after  traveling  one-third  of  the  hwt 
zontal  distance  to  its  lowest  positioD.  BekiK 
the  bulls  at  the  same  instant,  and  liaten  tVJ 
ely  to  decide  whether  they  gtrike  it  At 
instant. 

way  after  having 


Fiu.  Ift4. 
I*t  the  balls  be  stopped  in  the 


one-half,  two-thirds,  then  the  whole,  of  the  dirtanoc^.to  th 
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point.     If  time  permits,  the  examination  may  be  carried  beyond 
the  lowest  points  of  the  arcs. 

If  in  all  cases  here  suggested,  and  any  others  that  may  be  tried, 
the  blows  given  by  the  two  balls  come  so  nearly  together  that 
no  interval  between  them  can  be  detected,  it  may  fairly  be 
concluded  that  the  ratio  of  the  velocities  of  the  b&lls  at  any  instant — 
when  each  is  passing  through  its  lowest  point,  for  instance — ^is 
nearly,  if  not  quite,  equal  to  the  ratio  of  the  horizontal  components 
of  the  paths  in  which  the  balls  travel.  Conclusions  for  the  cases 
tried  must  not  be  extended  to  cases  in  which  the  arcs  are  much 
larger  parts  of  circles. 

EXERCISE  37. 

ACTION  AND  REACTION:  ELASTIC 

COLLISION. 

(For  two  or  three  students  working  together.) 

Apparatus'.  All  the  articles  of  No.  79, 
the  beveled  susp)ension -board  being  at- 
tached to  the  highest*  convenient  sup- 
port, the  wires  in  slots  1  and  2  (Fig. 
165),  so  that  the  suspended  balls  just 
graze  each  other,  with  their  centres  about 
4  cm.  above  the  graduated  rod. 

Place  the  detents  about  50  cm.  apart, 
and  so  adjust  the  base-board  that  both 
of  the  suspension-wires  shall  lie  in  the 
line  of  sight  through  the  middle  of  the 
slots  of  the  uprights  (see  Fig.  166),  the 
point  of  contact  of  the  balls  being  exactly 
over  the  middle  point,  the  50-cm.  mark, 
of  the  base-board,  t 


1  J93 


Fia.  165.  Fio.  166. 

*  The  distances  mentioned  in  this  Exercise  are  appropriate  to  a 
suspension  2  m.  in  length. 

f  Hie  adjustment  of  the  base -board  is  very  important,  and  there 
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The  larger  ball  will  be  called  A ,  the  smaller  B. 

The  mass  of  the  larger  ball  will  be  called  ma;   the  mass  of  the    ^ 
smaller  ball,  nib ',  the  distance  moved  by  A  before  collision  will  be  . 
called  Do;  the  distance  moved  by  B  before  collision,  Z>b;  thedii» 
tance  moved  by  A  after  collision,  da]  the  distance  moved  by  Rafter  '-^ 
collision,  dt;   movements  from  small  to  large  on  the  scale  will  be  , 
called  +  ;  movements  from  large  to  small  on  the  scale,  — . 

The  movements  of  each  ball  are  to  be  determined  by  watching 
that  side  of  each  which  is  turned  toward  the  other  ball. 

First  Case. — Make  Da=0;  that  is,  leave  A  in  its  position  d 
rest.  Make  7)fc=30  cm.;  that  is,  place  the  detent  in  such  a  poflir 
tion  that  when  B  is  released  it  will  have  to  move  30  cm.,  measured 
horizontally,  before  it  can  strike  A. 

After  making  sure  that  A  is  at  rest,  as  nearly  as  may  be,  release  JB 
suddenly  but  quietly,  and  let  it  swing  against  A  Then  note  da,  the 
distance  A  swings  as  a  result  of  the  collision,  and  dfc,  the  distance^ 
rebounds  after  the  collision. 

Repeat  this  experiment  several  times,  and  finally,  having  decided 
upon  the  values  of  da  and  db,  see  whether  this  equation  holds  true.* 

Representing  momentum      Representing  momentum 
before  collision.  after  collision. 

(maXDa)+  (mbXDb)  =  (,maXda)+  (mbXdb). 

Second  Case. — Make  Da  =15  cm.  and  7)5=0.  Determine  do 
(the  onward  movement  of  A  after  the  collision)  and  db  by  several 
trials,  and  then  compare  the  total  momentum  before  collision  with 
the  total  momentum  after  collision,  as  in  the  preceding  case. 

In  considering  the  result  of  this  Exercise  it  should  be  borne  in 
mind  that  a  pendulum  does  suffer  some  slight  loss  of  motion  from 
the  resistance  of  the  air.  As  the  momentum  just  before  collision  is 
estimated  from  the  length  of  swing  preceding  contact,  and  the  mo- 
mentum just  after  collision  from  the  swing  following  contact,  it  is 
evident  that  the  former  estimate  will  be  a  little  larger,  and  the  latter 
a  little  smaller,  than  it  should  be.  A  rough  estimate  of  the  error 
caused  in  this  way  can  be  obtained  by  studying  the  rate  of  decrease 
of  the  pendulum-swings. 

should  be  some  means  of  fastening  it  in  place  after  the  adjustment 
is  made. 

*  No  account  is  here  taken  of  the  mass  of  the  suspending  wires. 
If  it  seems  worth  while  to  consider  them,  one-half  tne  mass  of  its 
own  suspending  wire  may  be  added  to  the  mass  of  each  balL 
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EXERCISE  58. 
ELASTIC  COLLISION  CONTINUED:   INELASTIC  COLLISION. 

This  Exercise  is  a  continuation  of  Exercise  37.  It  requires  the 
same  apparatus,  with  the  addition  of  a  small  quantity  of  putty. 
The  Cases  of  the  two  Exercises  are  numbered  consecutively. 

Third  Case. — Make  Da=15  cm.  and  Dfc=15  cm.  Release  both 
the  balls  at  the  same  instant,  (This  must  be  done  by  one  person. 
It  is  well  to  attach  a  string  to  the  upright  of  each  detent,  as  in  Fig. 
167,  pass  the  middle  of  the  string  through  a  hole  or  screw-eye  near  the 
centre  of  the  base -board,  and,  when  all  is  ready,  pull  suddenly  upon 
this  part  of  the  stiing,  taking  care  not  to  derange  the  base-board.) 

Determine  da  and  dj,  by  several  trials,  and  then  compare  the  total 
momentum  before  collision  with  the  total  momentum  after  collision, 
as  in  the  preceding  Cases. 


Fig.  167. 

Fourth  Case. — ^Let  the  suspending  wires  hang  in  slots  1  and  3 
(Fig.  165).  Put  around  the  smaller  ball  a  belt  of  putty  about  1  cm. 
wide  and  0.3  cm.  thick,  so  that  this  belt  will  just  touch  the  large 
ball  when  both  are  hanging  at  rest  (Fig.  168). 
(The  object  of  the  putty  is  to  destroy  the 
elasticity  of  the  collision,  in  order  that  the 
conditions  of  the  momentum-test  in  this 
Case  may  be  very  different  from  those  of  the 
other  cases.  It  will  do  little  harm  if  the 
balls  stick  together  at  collision,  though  this  - 
may  be  prevented  by  covering  the  putty 
with  thin  paper  at  the  point  of  contact.) 

Make  Da  =30  cm.  and  7)6 =0  cm.  Determine  da  and  dh  by  several 
trials,  and  then  apply  the  momentum-test  as  before,  taking  for  mi 
the  mass  of  the  ball  B  and  its  belt  of  putty. 
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235.  Newton's  Third*  Law  of  Motion. — It  is  intimated 
in  the  last  paragraph  of  Exercise  37  that,  on  the  whole, 
the  total  momentum  before  collision,  as  estimated  m  the 
experiments  of  that  Exercise,  may  appear  to  be  somewhat 
greater  than  the  total  momentum  after  collision,  as  esti- 
mated. But  the  more  carefully  the  experiments  are  per- 
formed, and  the  more  intelligently  and  accurately  the 
errors  of  experiment  are  allowed  for,  the  less  the  difference 
becomes. 

This  is  just  as  true  for  inelastic  collision  as  for  elastic 
collision.  It  is  a  general  law  of  very  great  importance 
that:  The  algebraic  total  momentum  of  any  two  bodies 
is  not  changed  by  any  interaction  that  may  take  place 
between  them.  Under  the  form,  Action  is  equal  to  Re- 
action, and  opposite  in  rfireciion,  this  is  called  New- 
ton's Third  Law  of  Motion, 

236.  Illustrations  of  Action  and  Reaction. — Good  illus- 
trations of  action  and  reaction  are  familiar,  but  are  not 
always  recognized  as  such. 

EXPERIMENT. 

Remove  the  plate  S  (Fig.  169)  from  No,  LVI,  close  the  tube  at 

the  bottom,  fill  the  cylinder  with  water,  float 

the  whole  in  a  tank  of  water,  and  then  open 

the  tube.     The  horizontal  pressure  within  the 

water  forces  a  horizontal  stream  from  the  tube, 

and  the  cylinder  itself  is  drivan  in  the  opposite 

direction. 

Repeat,  with  5  in  place. 

Fig.  169. 

This  experiment  is  a  type  of  many  others  that  might  be 
shown.    The  revolving  Uwn-sprinkler  is  a  case  in  point. 

*  For  the  First  and  Second  Laws,  see  §§59  and  221. 
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A  bent  tube  through  which  water  is  flowing,  aa  in  Fig.  1 70, 
tends  to  straighten.  The  wattr 
entering  at  A',  with  a  northerly 
.velocity  let  us  say,  is,  by  the 
pressure  P'  exerted  upon  it  by 
'the  tube  at  the  angle,  made  to 
■emerge  with  a  westerly  velocity; 
but  at  the  same  time  the  water 
reacts  upon  the  tube  with  a  force 
represented  by  P,  tending  to 
straighten  it. 

A  swimmer  pushes  himself  up- 
ward and  forward  by  pushing  the  water  downward  and 
backward,  and  what  water  is  to  the  swimmer  air  is  to  a 
flying  bird.  An  air-tight  box  in  which  a  bird  is  suatwning 
itself  on  its  wings  would  press  as  heavily  upon  its  support 
as  if  the  bird  were  at  rest  upon  the  bottom ;  for  a  stream  of 
,wr  driven  downward  by  the  winga  would  press  upon  the 
floor. 

An  athlete  can  cover  about  a  foot  more  in  the  "standing 
broad  jump"  by  holding  in  each  hand  a  stone  of  suitable 
size,  which  he  ilings  swiftly  behind  him  when  in  raid-air. 

A  child  soon  learns  that  he  cannot  move  a  sled,  even 
upon  the  smoothest  ice,  by  sitting  upon  the  sled  and 
tugging  at  his  own  rope.  It  is  true  that  by  standing  upon 
the  sled,  drawing  his  body  back  upon  one  foot  and  pro- 
jecting it  forward  upon  the  other  foot,  he  can  move  the 
sled  forward.  The  explanation  of  this  latter  case  is,  that 
there  is  some  friction  between  the  runners  and  the  ice. 
This  friction  is  enough  to  prevent  the  sled  from  moving 
backward  while  the  body  is  slowly  acquiring  its  forward 
■momentum,  but  is  not  sufficient  to  resist  the  shock  when 
the  body  is  suddenly  arrested  by  the  forward  foot. 

When  a  charge  of  dynamite  explodes  in  the  opeo 
leaves  a  great  hole  in  the  ground  beneath  the  spot 


it  lay,  and  some  people,  seeing  this  permanent  effect, 
after  the  tremendous  temporary  effect  has  vanished  from 
the  atmosphere,  conclude  that  dynamite  "spends  its  force 
downward."  But  dynamite  has  no  such  eccentric  habit. 
It  presses,  like  every  other  explosive,  in  all  directions 
The  hole  in  the  ground  testifies  merely  to  the  suddenness 
and  violence  of  the  explosion,  which  are  so  great  that  the 
repelled  air  cannot  give  way  swiftly  enough  to  save  the 
eartli  below  from  injury. 

PROBLEMS. 

(1)  A  bullet  weighing  10  grn.  and  moving  200  m.  per  Becond 
strikes  hori/oiitally  into  a  suapended  block  of  wood  weighing  500 
gm.  and  lodges  there, 

(a)  How  great  is  the  momentum  of  the  bullet  before  striking! 

(6)  How  great  is  the  momentum  of  bullet  and  block  together  juat 
after  the  collision? 

(e)  How  great  is  the  velocity  of  the  block  just  after  the  collision? 

(The  velocity  of  bullets  and  cannon-balls  was  formerly  estimated 
by  means  of  experiments  and  calculations  like  those  here  indicated.) 

(2)  If  a  bullet  weighing  5  gm.  is  shot  from  a  4000-gm.  rifle  with  a 
velocity  of  300  m.  per  second,  how  great  is  the  backward  velocity 
acquired  by  the  rifle  itself  during  the  discharge,  if  it  hangs  free. 

(3)  (a)  If  the  discharge  in  the  preceding  problem  lasted  .005 
second,  how  many  dynes  was  the  average  force  exerted  upon  the 
bullet  during  that  time? 

(6)  How  many  grams-weight  would  this  force  equal? 

(4)  A  repulsion  equal  to  50  poundals  acts  for  3  seconds  between 
two  bodies,  one  of  which  weighs  100  lbs.  and  the  other  20  lb?. 
How  great  ia  the  velocity  in  feet  per  second  that  each  body  acquires? 

(5)  It  the  force  in  the  preceding  problem  were  50  pounds-weight, 
how  great  would  the  velocity  be? 

(6}  A  ball  weighing  50  gm.,  moi-ing  north  at  the  rate  of  90  cia 
per  second,  strikes  squarely  a  ball  weighing  100  gm.  at  rest,  and 
Teboimds  with  a  velocity  of  10  cm.  per  second  south.  What  velocity 
does  the  other  ball  gain  by  the  collision? 

(7)  A  ball  weighing  30  gm.,  moving  north  with  a  velocity  of  200 
cm.  per  second,  strikes  squarely  a  ball  weighing  70  gm.  moving  south 
with  a  velocity  of  100  cm,  per  second.  After  the  collision  the  first 
ball  is  moving  south  with  a  velocity  of  100  cm.  per  second.  What  is 
the  direction  of  motion  and  the  vdocitv  of  the  other  ball}  ^^ 
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WORK  AND  ENERGY. 


1  237.  Work:  Units  of  Work.— The  next  physical  quan- 
tity to  be  considered  is  work.  This  word  is  used  by  the 
physicists  to  signify  the  doing  of  something  against  opposi- 
tion.* If  a  man  pushes  a  saw  through  a  board  against 
friction  and  cohesion  of  the  particles  of  wood,  if  he  raises  a 
-Traght  against  the  force  of  gravity,  he  does  work.  If  the 
maw  sticks,  so  that  he  pushes  in  vain,  if  after  lifting  the 
[iTFraght  a  certain  distance  he  encounters  some  obstacle  and 
'peases  to  raise  it,  he  is  no  longer  doing  work,  although  he 
may  be  making  more  effort  than  before. 

A  statement  like  this  frequently  arouses  a  feeling  akin 
to  indignation  in  the  mind  of  the  student,  who  is  apt  to 
feel  that  scant  justice  is  done  to  the  supposefl  toiler.  But 
the  science  of  physics  does  not  concern  itself  with  emo- 
tions and  purposes.  Ix)oking  to  the  result  accomplished, 
it  says  that  a  man  who  is  merely  sustaining  a  weight  is 
doing  no  more  for  that  weight  than  a  post  could  do.  Ho 
is  not  prevailing  over  the  opposition  of  gravitation.  He 
is  not  doing  work  in  the  scientiBc  sense  of  the  word. 

The  nature  of  a  work  as  a  definite  mechanical  process 
being  thus  defined,  the  next  point  to  be  considered  is  the 
measurement  of  work.  For  an  Enghsh-spealdng  person 
the  niost  natural  unit  of  work  is  the  amount  necessary  to 
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raise  one  pound  <iiie  font.  Tliis  is  (tailed  the  fool-prmnd, 
and  is  in  almost  universal  use  among  English-speaking 
engineers  Evidently,  to  lift  2  lbs.  1  ft.,  or  1  lb.  2  ft., 
requires  2  ft. -lbs.;  to  lift  4  lbs.  3  ft.,  or  3  Iba.  4  ft.,  re- 
quires 12  ft. -lbs.  In  short,  to  lift  m  lbs.  H  ft.  requires  mh 
ft.-lbs. 

Although  the  foot-pound  is  defined  by  reference  to  lift- 
ing a  certain  mass  a  certain  distance,  any  kind  of  work 
can  be  expressed  in  foot-pounds.  Thus,  if  a  man  pushing 
a  carpenter's  plane  horizontally  alonp;  a  board  exerts  a 
horizontal  force  as  great  as  the  vertical  force  that  he  would 
exert  in  holding  up  a  weight  of  10  lbs.,  we  are  in  the  habit 
of  saying  that  he  exerts  a  force  of  10  lbs.,  and  if,  exerting 
this  horizontal  force  all  the  time,  he  pxishes  the  plane  5  ft. 
we  say  that  he  does  lOX  5  ft.-lbs.  of  work. 

French  engineers,  and  others  who  have  the  kilogram  as 
the  unit  of  mass  and  the  meter  as  the  unit  of  distance, 
take  as  their  unit  of  work  the  kilogram-meter,  that  is,  the 
amount  of  work  required  to  lift  one  kilogram  one  meter. 
Various  other  units  of  work  which  are  in  common  use 
among  physicists  will  be  defined  and  used  later  in  tlua 
book  (see  §§242  and  243). 

Measurement  of  work,  then,  always  involves  both  force 
and  distance.  When  the  force  is  parallel  to  the  motion 
mmntained  or  assisted  by  it,  the  work  done  by  the  agent 
exerting  the  force  is  reckoned  by  mvUi-plying  the  number 
expressing  the  force  by  the  number  expressing  tite  distancf 
which  the  poini  acted  on  by  the  farce  moves  dvring  the  ac&m 
of  the  force. 
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How  many  ft.-lbs.  of  work  must  be  done 
wt.  a  distance  of  50  ft.  along  Bi  horiiontal  surface  upon  which  ita 
coefficient  ot  (ricljon  ia  J? 
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239.  Rate  of  Work:  Horse-power,  etc. — To  express  the 
rate  at  wliich  work  is  doinj  by  a  machine  or  an  animal  we 
have  to  tell  the  amount  of  work  done  in  a  certain  time; 
for  example,  the  number  of  foot-pounds  done  per  eecond 
or  per  minute. 

The  term  one  horse-power,  uaed  to  indicate  a  rate  rf 
work,  is  equivalent,  in  English-speaking  countries,  to 
550  ft. -lbs.  per  second,  or  33,000  ft.-lbs.  per  minute.  This 
rate  of  work  is  perhaps  somewhat  greater  than  that  of  an 
ordinary  draught-horae  moving  at  his  average  pace  and 
exerting  his  average  pull. 

The  following  table,  taken  from  one  ^ven  by  the  Scotch 
engineering  authority  Rankine,  compares  the  rate  of  work 
of  a  man  and  of  a  horse  imder  various  conditions.  R 
stands  for  the  resistance,  expressed  in  pounds-force,  over- 
come in  each  case,  and  F  stands  for  the  velocity  of  motdon, 
in  feet  per  second,  against  this  resistance. 

MAN. 


1.  Raising  his  own  weight  up  st^r 

or  ladder 143  0.5 

2.  Hauling  up  weight  \vith  rope 40  0.75 

3.  Lifting  weights  by  hand 44  0.55 

4.  Shovelling  up  earth  to  a  height  of 

5  ft.  Sin 6  1.3 

5.  Pushing  or  pulling  horizontally.. .  26.5  2.0 

6.  Working  a  pump 13.2  2.5 

HORSE. 

7.  Thoroughbred,  cantering  and  trot- 

ting, drawing  a   light    railway 

carriage 30.5  14^ 

8.  Draught-horse,   walking,  drawing 

cartorboat 120        3.6 


utT* 


(1)  If  ft  barw-  dn»iring  n  tart  rxriU  a  fom-  nf  lUI  lli«,  In  Uid 
dirertioa  of  motion,  how  mitny  fl.-IL«.  i>[  work  Uom  liv  du  lu  niuviild 
the  cart  5  fl.T 

(2}  If  a  macliiau't  exerts  upon  ii  Rh  n  Torre  eiiiiivttleiit  l(i  1(1  lb*, 
downward  and  20  Iba.' fnrward,  how  niuiy  fl.-llm,  of  wurk  doM  lia 
do  in  50  borinmtAl  Etn>lLe9  of  the  f]1<>,  (>)ii*1i  tilrxku  lK>iiiK  >*  ■■■>  UtnitT 

(3)  AniilroadlrBin«Teighitig;l,WMt,IJ(M)lli».  ;«dl-uwnntmiritf(>ritl 
speed  along  11  lev<l  truck,  liie  i/oefTieicut  c>r  frirtlun  b(-iii|!  .(Nin.  IIoW 
many  fl.'Ib«.  of  wnrk  iirr  donn  in  dmwiiiKit  tOOO  ft.  7 

(4}  A  mass  of  30  lbs.  U  pUcvd  on  ao  inelitied  plnuo  whieh  i«  tO  tl, 
long,  the  base  bdng  8  ft.  luid  the  height  A  ft.     I'Mi-tioii  U  to  Ixt  onlUtI 

(a)  How  large  n  force,  parullcl  to  the  inrlinu,  in  uomlod  to  koop  ttw 
mass  moving  up  the  uiclini!? 

(J>)  How  many  f  t.-lba.  of  work  will  be  done  by  thia  forco  111  ilntw> 
iig  the  mass  the  whole  length,  10  ft. 

(c)  How  large  a  force,  parallel  lo  tht!  blue,  would  be  nudad  tO 
keep  the  tnasa  moving  lip  tbe  incline? 

(d)  Bow  many  ft.-lb8.  of  work  would  bo  done  by  thli  foroa  In 
drawing  the  maaa  the  whole  length  of  the  incline? 

(e)  How  many  ft.-lbs.  of  work  would  Ih:  done  in  lifting  tlin  tnilM 
straight  up  6  ft.,  the  height  of  the  incline? 

(5)  The  meter  being,  approximately,  equivalent  to  3.2B  ft.,  and 
the  kilc^am  to  2.2  lbs.,  how  many  kilogram-iiicten  aru  uijuIvhIihiI 
to  100  ft.-lb3.? 

240.  Energy. — Work  and  energy  are  ho  (ilow-ly  con- 
nected that  they  can  hardly  be  discuHseil  m-paraUiIy,  lu 
fact,  by  definition,  energy  is  the  penver  of  dmng  iviirk. 

As  work  involves  both  force  and  motion,  ho  energy  in- 
volves not  only  the  power  of  exerting  force  upon  a  body, 
but  also  the  power  of  following  up  the  body,  for  a  greater 
or  less  distance,  if  it  yields  to  the  force.  A  compreHsed 
spring,  a  charge  of  gunpowder,  a  fl>1ng  cannon-ball,  each 
of  these  is  a  body  possessing  energy.  A  weight  raised 
above  the  surface  of  the  earth  is  ordinarily  said  to  posaeiiB 
energy,  because  it  can  do  work  during  its  descent,  Ijiit 
strictly  the  energy  in  this  ease  belongs  not  to  the  weight 
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alone  but  to  the  S3'^stem  made  up  of  the  earth  below  and 
the  weight  above,  which  by  their  mutual  attraction  tend 
to  approach  each  other  and  to  overcome  any  resistance 
which  opposes  their  approach. 

241.  Kinetic  Energy  and  Potential  Energy. — ^Two  daises 
of  energy  may  be  distinguished. 

The  moving  cannon-ball,  quite  apart  from  any  attrac- 
tion or  repulsion,  has  energy  by  virtue  of  its  inertia  (see 
§  215)  and  its  motion.     This  is  called  kinetic  energy. 

On  the  other  hand,  in  the  case  of  the  raised  weight  just 
described,  in  a  bended  bow,  in  an  explosive  mixture  of 
hydrogen  and  oxygen,  in  a  Leyden  jar  charged  with  elec- 
tricity, etc.,  we  have  energy  due  to  some  attraction  or 
repulsion  between  different  parts  of  the  same  body  or 
different  bodies  of  a  system.     This  is  called  potential  energy. 

Each  of  these  forms  of  energy  is  the  power  of  doing 
work,  and  each  is  measured  in  the  same  imits  as  work, 
that  is,  in  foot-poimds,  kilogram-meters,  etc. 

For  example,  let  us  find  the  number  of  foot-pounds  of 
energy  possessed  by  a  body  whose  mass  is  m  lbs.,  and  which 
is  moving  with  a  velocity  of  v  ft.  per  second.    Since  ex- 
perience shows  that  kinetic  energy  does  not  depend  upon 
the  direction  of  the  motion,   we  shall  for  convenience 
suppose  that  the  body  is  moving  straight  upward  and  that 
its  kinetic  energy  is  to  be  entirely  expended  in  raising  the 
body  itself.     If  the  body  rises  h  ft.  from  its  present  position 
before  stopping,  its  kinetic  energy  will  have  done  m)(h 
ft.-lbs.  of  work.    But  how  great  is  h?    From  §  226  we 
know  that  h  (there  called  s)  =  v^-^2gyg  being  equal  to  32.2, 
nearly.    Putting  for  h  this  value,  we  have  as  a  general 
expression,  good  for  every  case  in  which  a  body  of  m  lbs. 
is  moving  with  a  velocity  of  v  ft.  per  second, 

fcinetic  euerg'y = -^\i«-U>*, 
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Everywhere  in  the  example  just  discussed  we  can, 
without  impairing  the  reasoning  in  the  least,  write  kilo- 
grams for  pounds  and  meters  for  feet,  g  becoming  in  this 
case  9.81,  nearly  (see  §224).  So  we  can  write  grams 
for  pounds  and  centimeters  for  feet  without  altering  the 
reasoning  or  the  general  formula  obtained;  but  g  in  this 
case  will  have  the  value  981,  nearly. 

242.  Statement  of  Work  in  ''Absolute  Units." — Some- 
times work  is  expressed  in  fooi-poundals  instead  of  in  foot- 
pounds. As  the  earth^s  attraction  for  a  one-poimd  mass 
is  g  poundals  (§§  220-224),  it  is  evident  that  one  foot- 
pound equals  g  foot-poimdals.  Hence,  if  we  use  this 
latter  unit  in  expressing  kinetic  energy,  we  have,  in  the 
case  of  m  lbs.  moving  with  a  velocity  of  v  ft.  per  second, 

V  •.  V 

\    /mv^      \  mv^ 

kinetic  energy  =  ( "o— X g  1  ft, -pis.  =  —^  fL-pls. 

Physicists,  as  distinguished  from  engineers,  are  the 
world  over  in  the  habit  of  reckoning  in  grams  and  centi- 
meters, rather  than  in  poimds  and  feet  or  kilograms  and 
meters.  They  generally  take  as  their  imit  of  force  the 
dyne  (see  §  220),  and  as  their  unit  of  work  the  work  done 
by  one  dyne  acting  a  distance  of  one  centimeter.  This 
unit  may  be  called  a  dyne-centimeter,  but  it  is  used  so  much 
that  a  special  short  name  is  given  it.  It  is  called  the  erg. 
If  in  the  measurement  of  kinetic  energy  we  use  grams 
instead  of  poimds,  centimeters  instead  of  feet,  and  ergs 
instead  of  foot-poundals,  we  shall  arrive  at  the  general 
formula 

,.    ^.  mv^ 

kinetic  energy = -^  ergs. 

In  short,  when  we  use  a  gravitation-MmX,  oi  ^oiftjL. 


is,  a  unit  of  work  bitsed  upon  a  gravitatio 
we  must  write 


-unit  of  farce. 


but  when  we  use  an  absolute  unit  of  work,  that  is,  a  unit 
of  work  based  upon  one  of  the  so-called  absolute  units  of 
force,  we  must  writs 


kinetic  cnergy=- 


2  ' 


243.  Estimation  of  Potential  Energy. — It  would  be 
difficult  to  ^ve  here  any  useful  formula  for  tlie  amount  of 
potential  energy  contained  in  a  body  or  system  of  bodies, 
in  any  case  except  that  of  bodies  raised  above  the  earth's 
surface.  In  such  a  case,  if  m  is  the  mass  of  the  body  and 
if  h  is  its  height  above  the  earth's  surface,  we  see  that  the 
body  in  descending  to  the  earth  can  be  made  to  exert  m 
gravitation  units  of  force  throughout  a  distance  h.  Hence 
its  potential  energy,  reckoned  in  gravitation-units  of  work, 
ia  mXA-    In  "absolute"  units  of  work  it  is  mXhXg- 


(1)  How  many  ft, -lbs.  is  the  kiiiellc  energy  of  a  500-lb.  i 
ball  moving  with  a  velocity  of  2000  ft.  per  second?     How  many  ft 
pdlB? 

(2)  How  many  kgm.-m.  is  the  kinetic  energy  of  200  kgm.  d 
with  a  velocity  of  600  m.  per  second? 

(3)  How  many  gm.-cni.  is  the  kinetic  energy  of  200  gta.  a 
with  a  velocity  of  6O0  cm.  per  second?     How  many  ergs? 

(■1)  How  many  ft. -lbs.  is  the  potential  energy  ot  TS  lbs,  12ft.Bl 
the  earth's  svirface? 

{5)  A  certain  body  has  800  ei^  of  kinetic  energy. 

(a)  How  jar  will  this  supply  of  energy  carry  the  body  a 
constant  resistance  of  40  dynesT 

(6)  Can  yovi  t*ll  from  t!ie  information  given  how  loTig  tl 
would  move  against  this  resistance? 
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244.  Conservation  of  Energy. — A  Ixxiy  thrown  upward 
Ispends  its  kinedc  energy'  in  doiiig  work  against  gravita- 
'tion,  in  pulling  itself  away  from  the  earth,  but  the  work 
'thus  done  goes  to  store  up  potential  euei^',  IMiile  the 
body  falls  this  potential  enei^  is  turned  back  into  kinetic 
'  energy.  This  is  a  familiar  example  of  the  change  from  one 
form  of  energy  to  the  other  which  is  continually  going  on 
about  us,  sometimes  visibly,  frequently  \mseen.  Energy 
takes  extremely  subtle  shapes— in  heat,  in  light,  in  electric 
eurrents,   in   chemical   conditions— but   the   two   classes 

■  hinetic  and  potenlial  include  all  forma  of  which  we  have 
knowledge.  All  such  forms  are  so  related  that  energy 
in  any  one  of  them  may  be  turned  into  any  or  all  of 
Hie  others  in  succession,  and  back   finally   to   its  first 

I'sfaape. 

"In  actually  performing  such  a  circle,  or  cyde,  of  trans- 
I  fonnations  we  observe  an  apparent  loss.  We  bring  back 
to  the  original  form  a  smaller  amount  of  energy  than  we 
started  with.  Thus,  a  ball  thrown  upward  returns  to  the 
hand  with  diminished  velocity.  We  mtist  not,  however, 
"conclude  from  such  trials  that  there  is  any  real  destruction 
of  enei^  in  the  process  of  transformation. 

"If  we  were  to  take  a  quantity  of  water  filling  a  certain 
vessel  and  pour  it  into  a  dozen  vessels  in  succession  until  we 
Teach  the  first  vessel  again,  this  vessel  would  not  now  bo 
I'^Iled,  but  we  should  not  infer  from  this  any  real  destruc- 
\tion  of  the  substance  of  the  water.  We  should  account  for 
lithe  apparent  loss  by  the  amount  left  clinging  to  the  sides 
mi  the  vessels,  or  absorbed  by  them,  or  spilled,  or  evapo- 
I'tated,  or  possibly  changed  by  chemical  action  into  some 
Indifferent  form  of  matter;    and  we  should  have  not  the 

■  fiEghtest  doubt  that,  if  all  these  small  amounts  could  be 
l-collected,  they  would  just  fill  the  space  now  empty  in  the 

asel.     This  confidence  is  the  result  of  long  experience, 
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which  has  taught  us  to  believe  that  matter  cannot  be 
destroyed. 

"Equally  long  experience  has  been  teaching  the  some- 
what more  subtle  truth  that  energy  cannot  be  destroyed; 
that  its  apparent  annihilation  in  its  transformation,  or 
wasting  away  without  transformation,  is  to  be  explained, 
like  the  disappearance  of  water  in  the  process  described 
above,  merely  as  an  escape  in  various  ways  from  the  im- 
mediate scope  of  our  observation.  But  so  niunerous,  and 
in  many  cases  obscure,  are  these  ways  of  escape,  that 
their  full  extent  and  significance  have  been  perceived 
only  within  quite  recent  years. 

"The  belief  that  energy  cannot  be  destroyed  or  dimin- 
ished, and  the  converse  belief  that  energy  cannot  be 
created  or  increased — ^which  latter  belief  is  practically 
rejected  by  those  who  attempt  to  'invent  perpetual 
motion' — constitute  the  doctrine  of  the  Conservation 
of  Energy.  All  the  familiar  devices  for  the  advantageous 
application  of  mechanical  power,  such  as  the  lever,  the 
inclined  plane,  and  the  hydraulic  press,  are  simple  exam- 
ples of  the  truth  of  this  doctrine,  and  their  laws  may  be 
at  once  deduced  from  it."  * 

It  will  now  be  seen  that  the  law  PXl>p  =  TF'X2)«,, 
arrived  at  and  used  in  §  78,  is  merely  a  special  example 
of  the  general  law  of  Conservation  of  Energy,  PXDp 
being  the  work  put  into  the  machine  by  the  power  and 
WXD„  being  the  work  done  by  the  machine.  Of  course, 
in  this  special  case  we  assume  that  no  increase  or  de- 
crease of  the  energy  of  the  machine  itself  takes  place, 
the  machine  being  merely  a  means  of  transmitting  energy. 
If  there  is  friction  within  the  machine,  a  part  of  the  energy 
stays  in  it  as  heat. 

♦  Elementary  Ideas^  Definitions,  and  Laws  in  Dynamics, 


24$.  Comparison  of  Homentum  and  Bonetic       e        ~ 

Momentiiin  and  kinetic  energy  are  often  coiituuiKiea  or 
mistaken  for  each  other.  The  following  comparison  or 
contra  t  may  therefore  be  of  use: 

MnmMitiim  ia  mXv.  There  is  no  one-word  name  in 
common  use  for  the  unit  of  momentum. 

Kinetic  energy,  in  "sbsolute  iinit«,"  ia  ^v'.  It  is 
reckoned  in  ft.-pdla.,  erga,  etc.,  the  same  unita  in  irtucb 
work  is  measured. 

Momentum  ia  equal  to  the  product  of  force  and  lime. 
If  we  know  the  momentum  only  of  a  body,  we  can  tell 
how  long  it  would  move  against  a  given  resistance,  but  not 
how  far. 

IQnetic  energy  is  equal  to  the  product  of  force  and  dis- 
tance. If  we  know  the  kinetic  energy  only  of  a  body,  we 
can  tell  how  far  it  would  move  against  a  given  resistance, 
but  not  how  long. 

We  have  already  seen  (§  234)  that,  by  agreeing  to  call 
momentum  in  one  direction  -I-  and  momentum  in  the 
opposite  direction  — ,  we  can  frame  the  law,  that  the 
(algebraic)  total  momentum  of  two  bodies  is  unchanged 
by  any  interaction  between  them.  Thus,  if  two  masses, 
each  of  m  gm.,  one  having  velocity  v  cm.  per  second  and 
the  other  being  at  rest,  collide  and  then  move  on  as  one, 
the  velocity,  1/,  after  collision  will  be  one  half  as  great 
as  V. 

Since  (— u)'  and  (  +  ")'  have  the  same  value,  f'.  kinetic 
energy,  which  is  proportional,  not  to  the  first,  but  to  the 
second  power  of  the  velocity,  is  always  positive,  even 
when  the  velocity,  and  so  the  momentum,  of  the  body  is 
negative. 

The  total  kinetic  enei^  is  usually  less,  and  cannot  be 
greater,  after  collision  than  before.  Thus,  in  the  case 
just  described,  the  kinetic  energy  before  collision  is  Jmu' 
and  that  after  coUision  is  ;J(2m)i!"=-imii', 
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246.  Internal  Energy.- — In  the  last  paragraph  preceding 
we  considerefl  merely  the  kinetic  enei^  of  the  masses 
moving  as  wholes.  We  left  out  of  account  the  energy, 
partly  kinetic,  of  the  vibratory  or  rotary  motion  of  the 
particles  within  each  mass.  If  this  iiit«mal  energy  were 
considered,  we  should  find  the  total  enei^  to  be  unaffected 
by  the  collision,  as  the  law  of  Conservation  of  Energj'  re- 
quires, but  we  should  not  necessarily  find  the  total  kindic 
energy  the  same  after  collision  as  before. 

One  form  of  internal  enei^  is  heat,  wWch  will  be  coa- 
sidered  in  Chapter  XX. 

QUESTIOHS  AND  PROBLEMS. 

(1)  A  bar  20  St.  long  is  placed  horizontally.  A  force  of  100  lbs. 
due  north  is  applied  to  the  bar  at  a  point  5  ft.  from  one  end,  and  a 
foree  ot  250  lbs.  due  soutii  is  applied  at  a  point  10  ft.  from  the  aanie 
end.  How  great  a  force  would  just  neutralize  these  two  forcsg,  and 
at  what  point  of  the  bar  should  it  be  applied? 

(2)  Auniformbarl2ft.  long  and  weighing  10  lbs.  bears  at  or.e  end 
a  load  of  8  lbs.  and  at  the  other  end  a  load  ot  16  Iba.  The  bar  so 
loaded  is  placed  horizontal  upon  a  supporting  point.  How  great  is 
the  pressure  upon  the  support,  and  how  far  must  the  support  be 
from  the  end  bearing  the  8-lbs.  load? 

(3)  A  beam  12  ft.  long  and  weighing  8  lbs.  has 

at  9  ft.  from  one  end  a  force  of  7  lbs.  acting  downward, 
"  4  "      "   Bame  "    "      "    "  5   "        "      upward, 

and  ia  in  equilibrium.     Find  the  magnitude  of  a  and  of  b. 

(4)  The  deck  of  a  steamer  is  40  ft.  wide.  A  ball  is  rolled  acroffi 
the  deck  at  right  angles  to  the  steamer's  course.  If  the  ball  crossfs 
in  6  seconds,  and  the  boat's  rate  of  motion  is  10  miles  per  hour,  how 
far  does  the  ball  travel  in  the  6  seconds? 

(5)  A  car  is  moving  at  the  rate  of  20  miles  per  hour.  How  tar  nill 
a  bullet,  let  fall  from  the  car  at  a  point  7  feet  above  the  ground, 
move  along  the  track  before  striking  the  earth? 

(6)  State  what  kind  of  motion  is  caused  by  a  single  coostant  force. 
Illustrate  your  answer. 

(7)  Two  bodies  initially  at  nsV  tnove  U-xexda  each  other  tofl|^_ 


« to  mutual  attraction.     Their  n 
100  gnis.     If  the  force  of 


'e  respectively  20  gms. 
be  jV  of  a  dyne,  find  the 


velocity  acquired  by  each  mass  in  30  seconds. 

(S)   The  momentum  of  a  certain  body  i; 
constant  resistance  of  50  absolute  units. 

_     (a)  How  long  will  it  continue  to  move? 

^  (ti)  Can  yon  tell  how  far  it  will  move? 

B   (9)  It  a  body  whose  mass  is  100  gme.,  originally  moving  due  north 

^rith  a,  velocity  of  20  cm.  a  second  on  a  perfectly  smooth  horlionlal 
surface,  be  acted  upon  by  a  force  of  500  gma.  due  northeast  and  an 
equal  force  due  northwest,  what  velocity  will  the  body  have  at  the 
end  of  one  second,  and  how  far  will  it  have  moved  during  that 
second? 

!(10}  An  engine  pulls  with  a  force  of  4O00  lbs.  upon  a  train  of  cars 
weighing  400,000  lbs.  upon  a  horizontal  track.  If  the  friction  of  the 
train  were  zero,  how  great  a  velocity  would  it  acquire  in  one  second, 
starting  from  rest?  If  the  coefficient  of  friction  were  jjj,  how  great 
B  velocity  would  be  acquired  in  one  second? 

fll)  A  ball  weighing  50  gms.,  moving  horizontally  at  the  rate  of 

60  cm.  per  second,  strikes  a  ball  weighing  200  gms.  which  is  at  rest. 

Lj(  the  smaller  ball  rebounds  with  a  velocity  of  20  cm.  per  second. 

How  great  tK  the  velocity  imparted  to  the  large  ball  by  the  collision? 

r     (12)  A  ball  weighing  50  lbs.  and  moving  with  a  velocity  of  10  ft. 

asecondstrikessquarely  a  bell  at  rest  weighing  150  lbs.,  and  imparts 

to  it  a  velocity  o''  3  ft.  per  second.     Wliat  velocity  has  the  smaller 

ball  after  the  collision? 

(13)  A  bullet  weighing  10  gms.  is  shot  with  a  velocity  of  300  m. 
a  second  from  a  rifle  weighing  6  kgms.  How  great  a  backward 
[  velocity  is  given  to  the  rifle  by  the  discharge? 

I  (14)  Suppose  that  Exercise  38  is  performed  with  balls  of  soft 
putty, CandD.  C  weighs  150  gms.,  and  swings  south  25cm.;  then 
it  coUides  with  D,  weighing  20  gms.,  at  rest.  How  far,  approxi- 
mately, will  D  now  swing? 

(15)  If  a  mass  of  1  mgm.  is  acted  on  by  a  force  of  1  dyne  for  10 
seconds,  no  other  forces  being  applied  to  it,  how  much  energy  will 
it  require  in  that  time  if  it  starts  from  rest? 

(16)  In  a  place  where  the  average  barometric  height  is  75  cm., 
what  is  the  value  in  dynes  of  the  atmospheric  pressure  per  square 
centimeter? 

(17)  Define  carefull.v  the  dyne  and  erg,  tbe  pD\mda\  a.i«i  ^wi\r 
poiindaL     lieBne  work. 
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llSi  A  bone-car  b  moving BOrtfaeast  along  a  back-     Thetc 
pulling  exactly  north  with  a  tortt  of  SOO  lbs.,  sad  ci 
while  the  car  mcnes  far  enou^  along  the  track  to  go  12  f L  fl 
How  mueli  work  do^s  the  team  do  duting  this  moTieinfaitT 
the  unit  in  which  Ute  work  is  recktBtnL) 

(10)  A  block  wi-ighing  10  lbs.  rc9ts  upon  an  incline  sucb  0 
block  must  ntove  5  ft.  in  order  to  ride  3  ft.     The  p 
block  aglUDHt  the  incline  ia  in  this  case  8  lbs.     Let  the  coeffii 
friction  be  ].     Haw  much  vrark  tnu^l  be  done  against  g; 
force  parallel  to  the  incline  in  drawing  the  block  5  ft>r 
i»ork  against  (fiction? 

(20)  A  body  weighing  100  Its.  rests  upon  an  incline, 
work  rouet  be  done,  by  a  force  parallel  to  the  inrhne,  i 
the  body  10  ft.  up  this  incline,  the  ^"ertical  ascent  being  6 
the  coefficient  of  friction  being  |  ? 

(2\)  .\  hanuner  hangsvertically,  head  downward.  The  a 
gra\-ity  of  the  head,  which  weighn  16  lbs.,  is  3  ft.  below  the  p 
of  suppiirt.  The  centre  of  gravity  of  the  handle,  which  weighs  1  lb., 
L8  1  ft.  below  the  point  of  support.  How  much  work  is  necessaij 
to  lift  the  hammer  into  a  horizontal  position  at  the  level  of  tbe  point 
of  support? 

(22)  The  kinetic  energy  of  a  certain  body  is  600  et^a.  It  en- 
counters a  constant  resistance  of  50  dynes.  How  far  will  it  go 
before  coming  to  rest?  Can  you  tell  how  long  it  will  continue  to 
move? 

(23)  If  the  mass  of  a  body  ia  50  lbs.  and  it  is  moving  with  a  veloc- 
ity of  30  ft.  per  second,  how  great  is  its  kinetic  energy  as  reckoned 
in  absolute  units?  reckoned  in  gravitation-units?  Name  the  imiB 
of  energy  in  both  cases. 

(24)  The  mass  of  a  steamer  is  .5000  tons.  It  is  drifted  against  > 
wharf  by  the  tide  with  a  velocity  of  3  ft.  per  minute.  What  ia  it» 
kinetic  energy? 

(25)  A  mass  of  1 0  lbs.  ia  thrown  upward  with  a  velocity  of  20  ft 
per  second,  (a)  How  many  foot-pounds  of  kinetic  energy  has  ill 
(6)  How  many  foot-pouodals7  (c)  How  much  work  was  done  in 
giving  this  velocity? 

(26)  (n)  How  long  will  the  mass  mentioned  in  (25)  rise?  (J)  How 
far  will  it  rise?  (r)  What  can  you  say  of  its  energy  when  the  maaB 
reaches  the  greatest  height? 

(27)  A  mass  of  10  llis.  is  20  ft,  above  the  earth's  surface  anH  '■ 
moving  with  a  velocity  of  5  ft.  per  second,     (a)  How  B> 
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potmds  is  the  potential  eoergj^      ^)   How  many  foot-pounds  is  the 
hdnetic  etiergy? 

(2Sj  a  bullet  which  travels  at  the  rate  of  1^:00  ft  per  second  is 
found  to  penetraie  a  wooden  target  to  the  depth  of  6  ina.  WTtit 
velocity  would  be  reiiuired  to  enable  a  bullet  of  the  same  size  and 
ahape  Co  penetrate  S  Ids.  into  Che  a&me  target,  if  the  Ksistaace  en- 
countered is  the  same  at  aH  depths? 

(If  in  either  of  the  following  probletos  the  application  of  the  law 
of  consen-ation  of  monttntum  (}  2351  leads  to  the  nsult  that  the 
total  kdnetic  ener^  i»  greater  after  colKsiott  Chan  before  coH»en 
(see  i  245.  last  paragraph),  w^  must  conclude  not  that  oar 
geneml  laws  are  false  or  in  conSict  with  each  other,  but  ma^ 
that  the  data  pven  for  this  particular  probfem  are  in  some  way 
wrong) 

(29)  Suppose  that  a  40-gni.  ball  having  a  velocity  of  200  cm-  per 
second  strikes  centrally  aa  equal  ball  at  rest,  and  rebounds  with  a 
fc-elocily  of  50  cm.  per  aecood, 

(a)  n'bat  would  be  the  vekwit  j  erf  the  second  ball  after  the  coi- 

(b)  n~hat  U  the  total  kinetic  energf  of  the  two  balls  before  eol- 


(c)  What  would  be  the  total  kinetic  energv  of  the  two 
collision? 

(30)  ^ppooe  that  a  40-gni.  ball  movini;  oorth  with  a ' 
200  cm.  per  secoi^  strikes  centrally  an  equal  ball  noi 
with  the  same  vdocitv,  and  after  the  eollijlon  rFrbond* 
with  a  vdodty  of  100  cm.  per  second, 

(a)  What  would  be  the  velodty  of  the  »erf,n.i  bsU 
(fi)  What  is  the  total  kinetic,  cDergy  of  the  two  balU 

ic)  niiat  would  be  the  total  kinetic 
coUifiion? 


balls  after 
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CHAPTER  XX. 
HEAT:   TEMPERATURE,  CONVEYANCE  OP  HEAT. 

247.  Sensation  of  Warmth.— The  bodies  which  we 
touch  and  handle  in  every-day  life  might  be  roughly 
classified  as  wann,  cold,  or  in  a  neutial  condition,  p^ing 
U3  neither  the  sensation  of  warmth  nor  that  of  cold. 
This  classification  is  an  exceedingly  variable  one  at  best, 
depending  largely  upon  the  condition  of  the  observer  at 
the  time.  To  the  hands  of  any  one  coming  indoors  on  a 
cold  winter's  day,  a  basin  of  water  at  the  temperature  of 
an  ordinary  living-room  feels  warm,  while  the  same  water 
at  the  same  time  would  feel  cool  to  any  one  just  risen  from 
ft  warm  bed. 

But  all  of  ua  agree  in  a  general  way  as  to  the  meaning 
of  the  words  hot  and  cold. 

248.  Historical. — We  have  now  to  consider  the  nature 
of  the  agent,  heat,  which  is  added  to  bodies  in  order 
that  their  temperature  may  rise,  and  is  taken  away  from 
them,  in  some  measure,  in  order  that  their  temperature 
may  fall. 

During  the  first  half  of  the  nineteenth  century,  heat 
was  generally  supposed  to  be  a  fluid,  invisible  and  with- 
out weight,  capable  of  working  its  way  into  bodies  some- 
what as  water  enters  a  sponge,  thereby  causing  expansion, 
and  capable,  too,  of  being  forced  out  of  bodies  by  friction 
or  blows.  Experiments  which  should  have  been  fatal 
to  this  belief  were  made  about  the  year  1798  by  Count 
Rumford,  who  in  boring  cannon  for  the  Bavarian  govdn- 
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pared  to  the  movement  of  people  seated  close  together 

lai^  company,  each  indi\-idual  having  a  certain  frw- 
;  and  a  certwi  activity  of  his  own,  although  confineil 
I  particular  seat  and  kept  in  close  contact  with  his 
hbors.  In  liquids,  we  may  think  of  the  particlfs  aa 
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great  freedom,  like  skaters  on  a  wi<le  field  of  iro, 
donally  bumping  against  each  other,  or  ag^tist  th(« 
idary  of  the  space  in  which  they  move,  but  most  of 
time  free  from  such  disturbances. 
e  do  not  mean  that  a  gas-particle  goes  any  lonj;  time 
out   hitting   something.     We    mean    that   the    time 
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EXPERIUEIIT  I. 

Take  a  rod  of  popper,  n  rod  of  iron,  and  a  rod  of  glass,  each  d 
5  nam.  in  diameter  and  30  cm.  long  (No.  LVII).  Support  all  thil 
on  bits  of  brick  or  pieces  of  asbestos  laid  on  a  piece  of  sheet  iron  on 
the  ring  of  a  retort-stand.  Ijisert  one  end  of  each  rod  a  very  little 
way  into  the  flame  of  a  BunacQ  burner,  and  keep  the  outer  endsot 
the  rods  apart.  After  15  or  20  miuut«s  test  the  temperature  of  each 
rod  by  putting  on  it  at  successive  short  inten'ala,  beginning  with  the 
outer  end,  a  pinch  of  powdered  sulphur.  In  the  case  of  each  rod 
stop  putting  on  the  sulphiu"  at  the  point  where  the  latter  is  seen  to 
melt.  The  meltiog-point  of  sulphur  is  111°  C.  Finally,  niesBore 
the  distance  from  the  111"  point  on  each  rod  to  the  flame. 

Transmission  of  heat  in  this  way  is  called  conduction.  It 
is  a  flow  of  heat  as  such;  that  is,  without  cliange  into  any 
other  form  of  energy,  and  withqut  the  help  of  any  move- 
ment, except,  of  course,  molecular  heat-movements,  in 
the  substance  through  which  the  heat  is  passing. 

Most  ordinary  substances  have  been  examined  in  regard 
to  their  power  of  conducting  heat,  and  it  is  found  tliat 
Bolids,  and  particularly  metals,  are  the  best  conductors, 
while  liquids,  except  mercury,  and  gases  are  extremely 
poor  conductors. 

EXPERIUBHT  i. 

Wind  a  piece  of  soft  copper  wire 
or  a  slender  strip  of  sheetr-lead  about 
a  bit  of  ice  of  the  size  of  a  hazebut, 
and  drop  it  into  a  test-lube  three- 
quarters  full  of  ice-cold  WBMr. 
Heat  the  water  at  the  top  of  the 
tube,  the  iee  being  at  the  botwni, 
by  holding  the  tube  inclined  in  th* 
flame  of  a  Bunsen  burner,  and 
notice  whether  the  ice  melts  rapidly 
as  the  upper  portion  of  the  water 
F,o.  173.  i?  made  to  boH.     l^e  Fig,  173. 

253.  Illustrations  of  Good  and  Poor  Conduction. — Good 
and  bad  conductors  of  hrat  can  frequently  be  recognized 
as  sitcb  by  merely  touehmg  them.    If  a  number  of  bodies 


all  of  the  aame  temperature  are  touched  in  succession,  the 
good  conductors  will  feel  warmer  than  the  bad  conductors 
if  all  are  w.armer  than  the  hand,  and  will  feel  cooler  than 
the  bad  conductors  if  all  are,  as  is  generally  the  case, 
cooler  than  the  hand.  For  instance,  the  coated  and  un- 
coated  sides  of  a  photographic  dry-plate  can  often  be  dis- 
tinguished in  the  dark  by  the  different  degrees  of  rapidity 
with  which  they  cool  the  palm  of  the  hand  or  the  tip  of  a 
finger. 

The  explanation  is  that  when  one  touches  a  bad  con- 
ductor the  spot  in  contact  with  the  hand,  not  being  freely 
assisted  by  the  other  parts  of  the  conductor,  soon  rises  or 
falls  to  a  temperature  approaching  that  of  the  hand  at 
the  point  of  contact.  In  a  good  conductor  the  part 
touched  is  not  so  readily  brought  to  the  temperature  of 
the  hand.  In  this  test,  however,  as  in  Experiment  1  of 
5  252,  the  effect  depends  upon  the  specific  heat  {Chap. 
XXII)  and  density  of  each  substance  as  well  as  upon  its 
conducting  power. 

The  following  familiar  experiment  gives  striking  proof 
of  the  great  effectiveness  of  brass,  as  compared  with  wood, 
in  carrying  off  heat  from  a  body,  paper,  in  contact  with 
the  two  substances. 

EXPERIMENT, 

The  junction  of  the  compouiid  rod  (No,  DIX),  wrapped  ■with  paper 

eecured  by  rubber  bands  'FiK.  1741,  is  held  over  a  small  flame  and 

moved  back  and  forth  at  suoh  a  height  that  the  paper  begins  to  char. 


I 


— < 
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It  will  presently  be  noticed  that  the  charred  area  has  a  pretty  definite 
boundary  on  one  side,  and  a  knife-blade  cutting  through  the  paper 
at  this  line  wiU  enter  th«  niche  between  the  brass  and  the  wood. 

The  density  and  conducting  power  of  gasea  bftlvi%sYWftJ.\, 
it  ia  pc^dble  to  bold  one's  hand  for  some  UXtie  ^ime  -w.*^ 


*H 


mrsKs. 


out  injuiy  ji  gases  much  hotter  than  the  hottest  solid  or 
liquid  that  one  would  care  to  handle.  It  is  a  well-known 
fact  that  <irv  steam  coming  in  contact  with  the  skin  docs 
lees  hami  than  steam  mixed  with  water,  although  the  dry 
8 team  may  be  hotter. 

Verj'  bad  conductors,  like  cork,  felt,  and  non-metallic 
powders,  are  used  to  impede  the  flow  of  heat  into  or 
out  of  bodies;  that  is,  to  keep  hot  bodies  hot  and  cold 
bodies  cold. 

354.  Davy's  Safety-lamp. — This  is  an  instrumentwhich 
makes  use  of  the  fact  that  the  flame  of  a  burning  gas  will, 
under  certiun  conditions,  not  pass  through  a  sheet  of 
wire  gauze,  the  wire  earrjing  off  the  heat  so  rapidly  that 
the  gas  within  the  meshes  will  not  bum. 

BXPERUEIIT. 

Light  a  BuDsen  burner  and  pTes9 
down  upon  the  flome  a  sheet  of 
fine  wire  gauze.  Observe  that  the 
flame  does  not,  until  the  wire  be- 
comes red-hot,  pass  through  Ike 
gauze.  To  show  tliat  the  pi 
passes  through  unbumed,  hold  » 
lighted  mateh  above  the  gauze. 

The  safety-lamp  is  used  by 
miners  in  re^ons  where  they 
are  hkeiy  to  meet  with  inflam- 
mable gases,  w-liich  an  ordinary 
lamp  or  candle  would  ignite. 
It  has  (see  Fig,  175)  a  cylinder 
and  cover  of  wire  gauze  over 
the  flame.  The  inflammable 
"fire-damp"     of    the 

^ ^^ works  its  way  into  the  1 

^°'  "^'  through    the    nief 

g&vze  and  causes  the  flame  to  grow  1^ 
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color;  and  the  minor,  seeinff  this,  leaves  the  clanf^miui 
region  hcforo  the  flame  can  set  fire  to  the  pas  «»ut*ifle 
the  «raiize.  This  lamp  was  the  invention  of  Sir  If  uniphry 
Davy,  a  famous  Enplisli  chemist  whti  liveil  frf»m  177S 
to   1S20. 

255.  Convection. — Tliis  is  the  cc»nveyance  of  heat  l»y 
conveyance  of  the  Ixwly  containing  the  heat.  Such  a 
movement  f»ccurs  naturally  in  a  lif|uiil  or  a  pas  which  is 
unsvinmetricallv  heated;  f(»r,  as  we  shall  mi*  later,  the 
hotter  parts  are,  in  general,  less  flen>e  than  the  n»|iler 
parts,  and  S(»  the  fnrmer  tentl  to  rise  while  the  latter  tend 
to  fall.  The  mov<*ments  thus  pnMluce*!  are  calle^i  rtm- 
vection-currents.  It  is  evident  that  they  should  \»  c«fie- 
cially  strong  when  heat  is  applieil  at  the  Utttiirn.  It 
would  be  a  difficult  matter,  as  the  experiment  of  §  252 
has  shown,  to  boil  water  at  the  bottom  of  a  vessel  bv 
heating  it  at  the  top. 


L 


Jin 


(1)  Light  a  small  t/ut*-  of  t<nirli-pa[)«*r  ^\o.  LX)  and  plar«*  it  urifif-r 
a  bell-jar  Ik'IcI  iiioiitli  ilownwanl.     Cum'nU*,  nuule  fvifJent  hy  \\i*- 
smoke,  \\-ill  be  .Sf«.'ii  moviiig  up  and  duwu 
within  th(.'  jar. 

(2)  To  .show  convH'tion  rum-nts  in  wat«T, 
apparatus  LXI.  shriwii  in  Fijr.  17»).  may  Irf* 
used.  P'ill  the  apparatus  foriiph't^'ly  with 
wat<»r,  hold  it  a.s  shown  in  th«f  fipun*,  and 
drop  in  through  th«.*  tulK*  a  a  v»t%'  jimall 
Quantity  of  anv  of  the  aniline  dv«'S  Mihihh; 
in  wat<^r — for  instance.  Hoffman's  vioht 
rublMid  with  a  drop  of  wat^T  int<i  a  tliifk 
paste.  Xow  gradually  hfat  on*-  angU*,  h,  of 
the  apparatus  by  cautiou.sly  applying  the 

flame  of  the  Bunsen  burner,  and  note  the  evident**  of  njmr;?-  .1. 
the  tube. 

Experiment  (2)  illustiBtav  ibe  method  of  cirr-uluUMi;  \\\ 
the  ytmrnog  of  bwMiDg^  bjrmmnB  of  hot  water. 


:!.'' 


>!'..  17». 


Even  when  currents  are  set  up  in  a  fluid  that  is  being 
warmed,  they  do  not  work  independently  of  conduction, 
but  assist  it  rather.  Tliis  they  do  by  constantly  bring- 
ing colder  pa'ticles  into  contact  with  warmer  ones.  But 
tlie  actual  transference  of  heat  from  one  portion  of  the 
fluid  to  another  portion  ia  effected  mainly  by  conduction. 

356.  Radiation.— One  body  may  be  heated  at  the 
fixpenee  of  another  without  either  conduction  or  con- 
vection between  them.  The  earth  is  warmed  by  the  sun, 
but  if  we  were  to  start  from  the  earth's  surface  towards 
the  sun  with  a  thermometer,  we  should  very  soon  find 
that  wc  were  not  following  an  ascending  scale  of  tempera- 
ture in  the  medium  between  us  and  the  aun,  as  we  should 
be  if  heat  came  to  ua  through  this  medium  by  conduction. 
On  the  contrary,  we  shoukl  get  into  colder  and  colder 
regions  above  the  general  level  of  the  earth.  If,  on  the 
other  hand,  we  look  for  streams  of  matter  coming  from 
the  sun  to  the  earth,  and  bringing  us  heat  by  convection, 
we  do  not  find  them. 

Physicists  are  convinced,  by  means  of  experiments  not 
to  be  described  here,  that  the  heat  we  get  from  the  sun  is 
transmitted  to  us  by  means  of  a  wave-motion  of  the  into 
vening  medium,  whatever  that  medium  may  be,  that  filla 
the  space  between  the  heavenly  bodies.  As  waves  in  deep 
water  travel  straight  forward,  although  the  single  water- 
particles  go  but  short  distances  and  then  return,  so  waves 
travel  swiftly  from  the  sim  to  the  earth,  while  the  particles 
of  the  substance  that  transmits  them  merely  vibrate  to 
and  fro. 

Now  wave-motions,  in  which  every  particle  repeats  the 
same  movements  again  and  again,  not  jarring  against  its 
neighbors  irregularly  but  moving  in  system  and  harmony 
with  them  all,  are  not  what  physicists  call  heat-Nibrations. 
We  shall  tiierefore  speak  oi  the  medium  betw 


HEAT:    TEMPERATURE,  CONyRYANCE  OF  HF-iT. 


the   sun   as   comainiiuc,   not   "mnianr.   .wai 
formeriy  aaid,  but  mdinnt  ••virqii.    vniiTi.    n 
the  heat  of  the  sun,  may  he  riirnwi    avK  .tiu> 
it  strikes  the  eanh. 

It  is  ttot  from  the  ^un  aJnn*'  iiiit,  -(liiiiii.: 
transmitted-  On  a  Timail  ■ii-aif  In"  -iimi-  mi.. 
is  noticeable  at  moflpraTP  ■iifiT:incn*i  ■>n  hi-  :vr:: 
from,  fires,  masses  ')f  hpat^^i  inptAi  irui  .>•  .n 
principal  means  of  healing  .n  :T.iin-rs  ■-ir;-...-i 
fires. 

Radiant  '^erq'j  matf  'rnjrr.oc  i  nMi:„/,\  ■,?;, 
ciably  icnrmintj  'hnt  mMiutn.  Hn  -Hi^-.hi  .-/■n 
the  3un  ia  about  3O.0(X).<KI0i}On    .r  :  /  A,--     :■> 
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CHAPTER  XXI. 

EXPANSION  WITH  RISE  OF  TEMPERATURE:   THER- 
MOMETRY. 

257.  Expansion  Caused  by  Rise  of  Temperature.— The 

hotter  a  body  is  the  more  active  its  particles  are.  The 
hotter  a  gas,  for  instance,  becomes,  the  more  it  tends  to 
expand;  for  if  it  is  not  allowed  to  expand,  its  particles 
will  hit  harder  and  oftener  against  the  walls  of  the  con- 
taining vessel  than  they  did  before  the  heating. 

The  expansion  of  gases  is  so  great,  even  with  moderate 
changes  of  temperature,  that  it  would  be  a  familiar  fact 
to  every  observing  person,  if  gases  were  not,  as  a  rule, 
invisible.  The  following  simple  experiment  makes  this 
expansion  evident  to  the  eye. 

EXPERIMENT  i. 

(1)  Take  an  "air-thermometer  bulb  "  (No.  LXII)  4  or  5  cm.  in 
diameter.  Invert  this  bulb,  and  immerse  the  open  end  of  its  tube 
in  a  glass  of  water  colored  red.  Heat  the  bulb  by  appl3dng  the 
hand,  or  cautiously  by  means  of  a  Bunsen  flame,  and  note  the  eflfect. 
Then  allow  the  bulb  to  cool  and  observe  what  occurs,  the  end  of  the 
tube  remaining  all  the  time  in  the  water. 

So,  too,  in  solids  and  liquids  a  rise  of  temperature 
generally,  though  not  always,*  makes  the  substance  tend 
to  expand. 

♦  See  foot-note  to  p.  318L 
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(2)  Move  the  compound  metal  bar  (No.  LXV,  Fig.  179)  backawi 
forth  in  tho  flame  of  a  Bunsen  lamp  until  it  becomes  hot  throughDUi, 


taking  care  not  to  heat  it  to  redness  at  any  point.  Observe  tke 
bending  caused  by  inequality  of  expansion,  and  note  which  of  the 
metals  expands  the  more. 

259.  Thennometry.— Further  experiments  like  those 
preceding  would  show  that,  with  few  exceptions,  soEda, 
liquids,  and  gases  expand  with  rise  of  temperature,  but 
that  each  solid  or  liquid  aubstance  has  a  rate  of  expanaon 
pecidiar  to  itself.  Moreover,  these  rates  of  expansion  do 
not  bear  a  constant  ratio  to  each  other;  that  is,  if  liqiiiii 
A  expands  just  twice  as  fast  as  hquid  B  between  eertain 
limitfi  of  temperature,  it  would  probably  not  expand  jufit 
twice  as  fast  as  B  between  other  limits  of  temperature. 

Accordingly,  although  the  expansion  of  almost  any 
substance  can  be  used  to  indicate  a  rise  of  temperature, 
it  is  by  no  means  a  matter  of  indifference  what  substance 
is  selected  and  used  commonly  for  this  purpose.  The 
general  experience  of  mankind  has  fixed  upon  mercury, 
contained  in  a  glass  bulb  and  graduated  stem,  bs  the  beat 
thermometer,  or  gauge  of  temperature. 

In  adopting  the  mercurj'-thermometer  as  a  standard 
instrument  we  practically  say  this:  Every  increase  of 
temperature  which  produces  a  certain  apparent  *  expanxim 
of  the  mercury,  shall  be  called  one  decree,  and  ail  such  degreti 
shall  be  cimaidered  equal,  though  they  might  not  •product 
equal  expansions  of  any  other  substance. 

Evidently  this  is  a  very  arbitrary  standard,  and  the 
student  need  not  be  surprised  to  find  that  scientific  mea 

♦  That  13,  the  real  expansion  of  thfi  mercury  niinua  the  exponaon 
of  the  glass  envelope.     See  Exp.  3  under  {  2fi7. 
.  V 


do  not  consider  it  a  final  siandsnt  for  thdr  work. 
5  274. 

260.  The  ]lercai7-tliennometer. — <")nc  mrlhtx!  'if  iimk- 
ing  this  instnimejit  will  be  here  deacribwl. 

First  &  piece  of  thick-walled  stiiatl-biira  tuhiti);,  known 
as  thermometer-tublDg,  is  taken,  and  th«  unifuniiity  irf 
the  bore  is  tested  by  meaDs  of  a  short  rolumii,  itr  "  lhni«d," 
of  mereiirj',  which  is  placed  in  various  ponitiiinii  in  the 
bore  and  measured  as  to  length  in  eacli  potillion.  A  liiilb, 
R  (Fig-  180),  is  then  blown  upon  one 
end  of  the  tube,  and  at  the  other  e 
reser\'oir  for  mercury,  B,  with  a  slendi^r 
prolongation  and  a  minute  opening,  ft 
is  heated  until  the  air  within  it  is  aonue- 
what  rarefied  and  then  plunged  intJj 
merciirj'.  The  cooling  effect  produced 
by  the  latter  causes  the  tnclcaed  sir  to  ^ 
contract,    and    considerable    metcury  '"  ""' 

enters  the  reservoir  B.  The  end  B  w  ruiw  rauecl,  R  utd 
the  stem  are  somewhat  heated  to  nrefy  the  f.iml6iimi  «ir 
and  then  cooled  to  allow  the  tnenmty  Ui  biiik  UiUi  B-  The 
mercury  in  A  is  boiled  so  th&t  it«  vafK^r  »(isll  driv«  out  ttt« 
aiT  iu  the  stem  and  B.  Tliis  aod  timiUr  t/imm-tiuuii  %rti 
continued  until  nothing  a  left  in  the  bull>  sod  tulie  but 
mCTCurj-  and  mereoiy-Tspor.  THeo,  fiimtiy,  the  tutje  U 
'  BtroD^j  heated  jact  bdow  B,  dnwu  out  to  •  |Miiit,  wtd 
sealed. 

Inexpeneneed  vtodenU  thau^  nut  trv  to  U'U  iii'^nwy , 
as  its  vapor  is  jmeoaaux^ 

361.  Gradaatido   of  «  Slercvy''^*:raiom«ter 
tained  b}'  au  imtnetise  ixuutJ' 
,  the  tamperature  of   (udtir- 
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conditions  are  maintained.*  These  conditions  are  ohm-  U 
cal  and  mechanical  purity  and  a  standard,  imvarying,  V 
pressure.  Slight  chemical  or  mechanical  impurity  afFeeti  ;. 
these  temperatures  but  little.  Ordinary  changes  of  at-  i 
mospheric  pressure  affect  the  melting  temperature  ex- 
tremely little,  but  they  affect  the  boiling  temperature  d 
water  very  perceptibly.  These  changes  are  easily  observed 
by  means  of  the  barometer,  and  allowance  for  their  defects 
is,  as  we  shall  see,  easily  made. 

Advantage  is  taken  of  the  peculiarly  constant  behavior 
of  water  to  establish  "fixed  points"  on  the  the^momete^ 
tube.  The  instrument  is  first  placed  upright,  with  the 
bulb  and  the  stem  buried  in  a  mixture  of  ice  and  water  to 
such  a  depth  that  the  top  only  of  the  mercury-column  is 
visible.  The  position  of  the  top  of  the  mercury-column, 
when  it  has  ceased  to  descend,  is  marked  by  a  transverse 
scratch  on  the  tube.  The  thermometer  is  then  removed 
from  the  ice  and  placed  upright  in  a  vessel  in  which  the 
bulb  and  the  greater  part  of  the  stem  can  be  perfectly 
surrounded  by  an  abundant  supply  of  freely  escaping 
steam.  After  the  mercury  has  ceased  to  rise  in  the  stem, 
a  fine  scratch  across  the  latter  is  made  at  the  top  of  the 
mercury-column,  if  the  barometer  at  the  time  reads  76 
cm.;  otherwise,  where  the  top  of  the  colunm  would  be 
if  the  barometer  read  76  cm. 

If  the  thermometer  is  to  be  graduated  by  the  Centigrade 
system  (§  262),  the  melting-point  mark  is  called  the  0® 
mark,  and  the  boiling-point  mark  is  called  the  100°  mark. 
The  space  between  these  two  marks  is  divided  into  equal  t 

*  A  like  statement  can  be  made  concerning  other  solids  and  liquids 
but^ice  and  water  are  the  most  convenient  for  use  in  graduating 
thermometers.  Some  solids  gradually  soften  before  melting,  so 
that  they  have  no  definite  melting  temperature. 

t  If  the  thermometer  is  intended  for  any  accurate  work,  the  tube 
before  or  after  filling  with  mercury  should  be   'calibrated,"  a  dftoct 
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parts,  usually  one  hundred  parts  each  called  a  degree. 
The  division  lines  may  be  engraved  on  the  stem  of  the 
thermometer,  or  ruled  on  a  slip  of  paper  fastened  to  the 
thermometer  stem  and  protected  by  a  larger  inclosing 
tube,  or  engraved  on  the  metal  case  to  which  the  ther- 
monieter-bulb  and  tube  are  fastened.  The  graduation 
may  be  continued  above  the  melting-point  and  below  the 
boiling-point. 

Two  other  systems  of  graduation  are  described  in  §  262. 

All  thermometers,  however  carefully  made,  are  likely 
to  be  more  or  less  in  error,  for  the  glass  changes  some- 
what after  manufacture,  thus  altering  the  capacity  of  the 
bulb  and  stem.  Cheap  thermometers — and  inexperienced 
workers  should  use  no  others — frequently  have  errors  of 
half  a  degree  or  more  at  various  points.  The  easiest 
points  to  test  are  the  zero-  and  the  boiling-points,  and 
these  are  the  only  ones  that  will  be  attempted  in  Exercise 
39,  now  to  be  taken. 

A  number  cf  interesting  effects  will  be  noticed  inciden- 
tally in  connection  with  the  tests.  Thus,  if  the  ther- 
mometer has  been  kept  at  the  ordinary  temperature  of 
the  room  for  some  weeks  preceding  this  Exercise,  it  is 
quite  likely  that  the  zero-point  found  at  the  beginning  of 
the  Exercise  will  be  notably  different  from  that  found  at  the 
end,  the  glass  not  recovering  at  once,  upon  cooling  from 
the  boiling  temperature,  the  same  volume  that  it  had 
before  heating. 

column  of  mercury  being  forced  through  it  a  few  millimeters  at  a 
time,  and  the  length  of  this  column  measured  in  successive  portions 
of  the  tube.  By  this  means,  even  if  the  tube  is  not  of  equal  diameter 
throughout,  it  may  be  divided  into  successive  portions,  all  of  equal 
capacity,  and  the  graduation  afterwards  made  in  accordance  with 
these ;  or,  if  the  scale  is  made  in  parts  of  equal  length,  the  calibra- 
tion helps  toward  the  making  of  necessary  corrections  in  the  ordi- 
nary use  of  the  thermometer, 


EXERCISE  39. 
TESTING  A  MERCURY-THEBMOMETES. 

Apparatus:  Nos.  68,  80,  81,  82,  and  &3.  Snow  or  ice.  A  abort 
rubber  tube  and  a  piiich-cocfc. 

Examine  the  tiiemiometer,  Tiolding  it  all  the  time  bulb  downward, 
to  see  whether  any  mercury  haa  separated  from  the  column  sod 
lodged  at  the  top  of  the  stem.  If  any  is  bo  lodged,  it  can  probsbly 
be  freed  by  gl'aaping  the  thermometer  near  the  middle  of  the  itam 
(bulb  outward)  and  swinging  it  rapidly  back  and  forth,  the  ion 
being  held  at  full  length  downward. 

To  ttst  Ike  freezing-point ■■  Break  the  iae  into  fine  pieces,  the  £l« 
the  better,  and  fill  the  dipper  with  it.  Add  only  enough  water  to 
fill  the  apace  between  the  lumps  of  ice.  Thnist  the  bulb  ot  the  th«- 
mometer  down  into  the  middle  of  the  cup  until  the  point  marked  0° 
is  only  1  or  2  mm.  above  the  surface  ot  the  water.  Give  the  mer- 
cury-column time  to  descend  as  far  as  it  will,  and  then  record  the 
reading,  (If  its  shortest  divifiioDS 
are  a  millimeter  or  more  is 
length,  try  to  read  to  tenths  ot 
these  divisions.  Place  the  eye  in 
euch  a  position  that  a  stcaigbt 
line  drawn  from  its  centre  wouW 
strike  the  thermometer  at  ri^t  1 
angles  at  the  top  of  the  intr- 
eury-column.) 

To  lest  the  boiling-point:  RU 
the  boiler  (Fig,  181)  with  w»Mr 
to  the  depth  of  3  or  4  em.,  ecre" 
the  top  on  firmly,  attach  tie 
small  mercury  presBure-gaug*,?^ 
and  thrust  the  bulb  and  Btem  of 
the  thermonieter  down  througli 
the  perforated  stopper  until  lb" 
point  marked  100°  is  not  mw* 
than  2  or  3  mm.  above  the  Wp. 

Boil  *  the  water  and  k«P  i' 
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boiling;,  the  steam  escaping  from  the  aide  tube,  s,  near  the  top,  until 
"the  mercury-column  in  the  thermometer  risea  as  far  an  it  will, 
mud  then  record  the  reading.  (The  flame  of  the  burner  beneath 
the  boiler  shoidd  not  be  allowed  to  flare  out  beyond  the  bottom,  lest 
the  current  of  hot  gases  rising  from  It  should  overheat  the  rubber 
connection  of  the  water-gauge,  a,  on  the  side  of  the  boiler. 
Record  the  reading  of  the  barometer. 

To  test  the  effect  of  increased  pressure  upon  the  boiling  lemperature: 
.  Nearly  close  ijie  steam-outlet  by  means  ot  a  abort  rubber  tube  and 
a  pinch-cock,  the  flame  still  burning,  and  watch  the  thermometer 
»nd  the  pressure-gauge,  g.  Adjust  the  pinch-cock  at  the  outlet  so 
ttiat  the  pressure  in  the  boiler,  as  shown  by  the  gauge,  shall  be  4 
or  5  em.  of  mercury  greater  than  the  atmospheric  pressure.  When 
everything  is  satisfactory,  record  both  the  rise  of  temperature  and 
the  rise  of  pressure. 

Calculate  from  these  data  how  great  a  rise  of  temperature  here  * 
corresponds  to  a  rise  oF  1  cm.  in  pressure,  and,  accordingly,  what 
Uie  reading  of  the  thermometer  would  be  f  in  steam  at  76  cm.  ot 
pressure,  the  standard  condition. 

To  test  the  effect  oj  leaving  the  stem  of  ike  thermometer  exposed  to  the 

'hile  (he  bvlb  is  heated:   Give  the  steam  free  escape  once  more, 

id  then,  after  noting  the  reading  again,  draw  the  thermometer  up 

lugh  the  stopper  until  only  the  bulb  and  a  few  degrees  of  the 

exposed  to  the  steam.     Watch  the  effect  upon  the  reading 

the  stem  cools. 

Finally,  if  time  permits,  test  the  freezing-point  again,  taking  care, 
before,  to  have  the  snow  orice  to  reach  the  bottom  of  the  dipper. 
is  not  sufficient  to  ha%'e  snow  or  ice  floating  in  the  water. 

The  operation  of  determining  the  freezing-point  and 
Eboiling-point  is  profitable  for  the  student  on  account  of 

B  light  it  throws  on  the  theory  of  the  thermometer,  but 
Bithe  inaccuracies  detected  in  the  operation  will  not,  unless 

frequently  during  every  experiment  in  which  the  boiler  is  used,  and 
\   the  water  should  not  be  allowed  to  fall  very  low  in  it. 

•  At  very  different  pressures  and  temperatures  the  ratio  between 
_ .  le  of  temperature  and  rise  of  pressure  would  be  very  different  from 
the  ratio  here  found. 

f  This  assumes,  what  is  usually  true,  that  the  barometric  pres- 
■  "^'ie  time  of  the  experiment  is  not  exactly  76, 
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they  are  greater  than  1°,  be  soriaus  in  the  heat  experiments 
of  this  course.  It  will  be  important,  however,  not  to  ex- 
change thermometers  during  such  experiments  as  require 
careful  observation  of  small  changes  of  temperature. 

262.  ComparisoQ  of  Tbennometer-scales. — Unfortu- 
nately, there  are  three  thermometer-scales  in  somewhat  gen- 
era! use — the  Centigrade,  already  described,  the  R6aumur, 
and  the  Fahrenheit.  The  Reaumur  scale  differs  from  the 
Centigrade  only  in  the  fact  that 
the  space  between  the  two  stand- 
ard points,  of  freezing  and  boiling 
water,  is  divided  into  SO  instead 
of  100  equal  parts,  so  that  1  Reau- 
mur degree  equals  1.25  Centigrade 
degrees.  The  Fahrenheit  scale, 
which  is  the  one  commonly  used  in 
this  country-  except  in  laboratories, 
bears  a  less  simple  relation  to  the 
Centigrade.  Fahrenheit^  its  in- 
ventor, divided  the  space  between 
the  temperature  found  in  raelticg 
ice  and  that  found  in  boiling  water 
into  ISO'  equal  parts,  and  placed 
the  zero*  of  his  scale  at  a  point 
32  like  divisions  below  that  of  the 
melting-point  of  ice. 

The  annexed  diagram  (Fig.  182) 
shows  the    relation  between  the 
two  scales  more  simply  than  any 
verbal  statement.    In  order  to  find 
no.  isj.  j^^g  equivalent  of  a  Centigrade  de- 

gree in  Fahrenheit  degrees,  we  need  only  remember  that 
ached  with  the  freeaiiig  misture 
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100  Centigrade  (Ipgrees=  ISO  Fahrenheit  degrees.  T  ^re- 
fore  1  Centigrade  degree  is  m  (  =  {)  of  a  Fahrenheit  degrcw, 
or  1  Fahrenheit  degree  =  f  of  a  Centigrade  degree.  In  order 
to  reduce  tempemturea  From  onv  scale  tji  another  we  niui-t 
take  account  not  only  of  the  different  values  of  the  degrees 
of  the  two  scales,  but  also  of  their  tlifforcnt  starting-pointB. 

Suppose  that  it  is  required  to  reduce  a  t.niperatiire  of 
15°  C.  to  the  corresponding  temperature  on  the  Fahrenheit 
scale:  15  Cent.  degrees  =  15X|  (=27)  Fahr.  degropa,  but 
the  Cent  temperature  was  measured  from  a  point  coin- 
ciding with  32°  Fahr.;  so  the  required  temperature  ts 
27° +  32°  {  =  59°)  Falir. 

Suppose  that  it  is  required  to  reduce  the  temperature  68* 
Fahr.  to  the  corresponding  Cent,  temperature:  68°  Fahr. 
is  68°  — 32°  (  =  36°)  Fahr.  degrees  above  the  Cent,  zero,  ao 
that  the  required  temperature  is  36 Xj  (=20°)  C. 

Stated  as  fomiulie,  the  rules  for  reduction  of  these  two 
scales  of  temperature  are  as  follows: 

F.°=(a°X|)+32°; 
C.°  =  (F.°-32°)Xi. 

PROBLEHS. 

(1)  If  s  change  of  2.7  cm,  in  the  barometer  makes  a  difference  of 
1  Cent,  degree  in  the  boiling-point  of  water,  at  what  temperature 
win  water  boil  when  the  barometer  reada  78.0  cm.? 

(2)  If  the  barometer  column  falla  1  cm.  for  a  rise  of  100  m.  from 
the  sea-level,  at  what  height  will  water  boil  at  a  temperature  of 
99"  C? 

(3)  Wliattemperatureon  the  Cent,  scale  correaponds  10  20°  Fahr.7 
to  -20°  Fahr.? 

(4)  What  temperature  on  the  Fahr.  scale  corresponds  to  40°  C? 


263.  Linear  Expansion    of  Solids.^ — Nearly  all  of  the 
solid  substances  which  have  been  tested  are  found  to  expasid 


in  all  directions  as  their  temperature  rises.*  If  tlie  increase 
of  size  is  observed  or  estimated  only  in  one  direction,  as  in 
the  lengthening  of  a  bar  of  metal,  the  increase  is  called  the 
linear  expansion.  In  all  ordinary  cases  this  lengthening  is 
so  slight  as  tti  be  nearly  imperceptible.  Although  .spaces 
are  left  between  the  ends  of  the  rails  in  laying  a  railroad- 
track,  to  allow  of  the  expansion  which  may  be  produced  by 
hot  weather,  yet  to  the  unobservant  eye  the  spaces  appear 
unchanged  through  summer  and  winter.  It  is  only  when 
long  pieces  or  structures  of  metal  or  of  other  solid  sub- 
stances are  examined  that  the  lengthening  is  very  manifest. 
In  the  spans  of  long  iron  bridges  the  motion  of  the  ends 
under  the  influence  of  changes  of  temperature  may  become 
considerable,  as  in  the  case  of  the  iron  and  steel  raihoad 
bridge  across  the  Forth  in  Scotland.  The  total  length  of 
the  bridge,  including  the  approach  viaducts,  is  8098  feet, 
and  the  allowance  for  expansion  of  ironwork  over  the  whole 
length  is  6  feet. 

The  amount  of  expansion  of  mflst  metals  and  of  various 
other  solids  per  degree  Centigrade  has  been  ascertained  by 
many  accurate  experiments,  and  it  is  found  that  the  ex- 
pansibility varies  greatly  with  the  substance,  no  two  ordi- 
nary metals,  for  example,  expanding  the  same  amount  for 
the  same  increase  of  temperature. 

264.  Coefficient  of  Linear  Expansion. — Experience 
shows  that,  if  we  represent  the  length  of  an  ordinary  solid 
at  t°  by  I,  and  the  length  at  f°  by  I',  the  relation  between 
these  quantities  can  be  shown  with  sufficient  accuracy  tot 
ordinary  purposes  by  the  equation 

l'  =  l+l{l^-t)Xk^l{l  +  k{tf-l)), 

♦  Exceptions  arc  iodide  of  silver,  the  compound  iodide  of  lead  W^ 
silver,  Roae'a  "fusible  alloy,"  garnets,  and  india-rubber.  The  Iw^" 
named  substance,  if  heated  when  unstretched,  expands  in  all  dirc<*- 
tions,  but  if  it  ia  stretched  rise  of  temperatv  "  ' 
exUtiug  tendency  to  contract. 
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'here  fc  is  a  quantity  that  does  not  vary  with  the  tempera- 
ture.    This  quantity  is  called  the  coeffitdenl  of  linear  ex- 
pansion.    It  has  different  values  for  different  substances. 
From  the  equation  just  given  we  may  get 

k=il'-D~l(f-t), 
■hicb  shows  that  we  can  find  k,  for  any  particular  sub- 
itance,  by  finding  its  length,  I,  at  any  convenient  tenipera- 
iure  f,  and  its  increase  of  length.  (I'— I),  in  rising  from  1° 
bo  another  known  temperature  ("".  The  most  convenient 
temperatures  for  our  use  are  the  ordinarj-  temperature  of 
the  room  and  the  temperature  of  steam.  These  tempera- 
tures are  used  in  the  following  Exercise. 

The  increase  of  length  in  this  Exercise  is  so  small  that  it 
eannot  be  measured  accurately  without  some  magnifying 
device.     The  one  adopted  in  the  following  description  is 

,ctly  similar  in  principle  to  that  used  in  Exercise.s 
33  and  34.  A  small  movement  at  the  end  of  the  short 
;arm  of  a  pivoted  index  produces  a  large  moveiiieiit  at  the 
■end  of  the  long  arm.  The  short  arm  is  here  nearly  vertical 
and  the  long  arm  nearly  horizontal. 


LINEAR  EXPANSION  OF  A  SOLID. 

AppaToiu^:   Nos.  80  (without  the  gauge),  82,  83,  84,  85,  86.     A 

Jtarometer.     A  meter-rod,     A  rubber  tube  30  em.  long,  to  cany 

.steam  from  the  boiler  to  the  heatiiig-tube ;   another,  15  cm.  long, 

to  carry  the  steam  and  water  from  the  same  tube  (Fig.   183).     A 

small  tumbler  to  catch  the  water  thus  drained  off.     (It  is  better  not 

to  place  this  tumbler  on  the  wooden  rack.     Steam  or  water  coining 

from  it  might  wet  some  part  of  the  rack  and  cause  a  swelling,  in  or 

the  back  post,  that  would  seriously  affect  the  position  of  the 

t,     A  eimilar,  though  less,  danger  threatena  if  much  water  or 

n  escapes  from  the  otter  end  of  the  heating-tube.) 

Fill  the  boibr  to  a  depth  of  3  cm.  with  water  and  place  tlie  lighted 

lunsen  buroer  beneath  it,  all  outlets  of  the  boiler  being  cIom""  '"- 

ipt  the  lower  side-tube. 


I 
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Raise  the  long  ftriii  of  the  index,  I,  Fig.  183,  and  plat'e  the  hesl- 
ing-tube,  It,  the  brass  rod  within  it,  in  position  on  the  rack,  tlie  un 
pointed  end  of  the  rod  resting  Hgaiust  the  scruw  ba«k-stop,  and  then 
gently  lower  the  index  until  the  short  arm  bears  againet  the  shaip 
point  of  the  rod. 


Attach  the  30-cm.  rubber  tube  to  the  inlet-tube,  i,  making  no 
nectjon  aa  yet  with  the  boiler;  turn  the  heating-tube  in  ita  b«d  tiU 
the  inlet-tube  rests  against  a  firm  support,  p]  attach  the  outlet 
rubber  tube,  leading  to  the  tumbler;  put  the  thermometer-bulb 
through  the  middle  side-opening,  m,  into  the  ateam-cytinder  along- 
side the  rod. 

Measure  and  record  the  length  ot  the  brass  rod.  TTiiB  meamire- 
ment  need  not  be  made  with  great  c^are,  as  an  error  of  2  or  3  mm. 
here  would  make  very  littlo  difference  in  the  final  result. 

Measure,  with  about  the  same  care,  and  record  the  length  of  llie 
long  arm  of  the  index,  from  the  centre  of  the  pivot  to  the  vertitiBl 

Measure  with  much  care  and  accuracy  the  vertical  short  arm  of 
the  index,  from  the  centre  of  the  pivot  to  the  point  where  the  tip 
of  the  brass  rod  bears  against  it.  As  the  centre  of  the  pivot  is  nil 
marked,  this  measurement  requires  some  contrivance.  It  is  S'dl 
to  proceed  as  follows:  Make  a  fine  pencil-mark  on  the  edge  of  tho 
vertical  arm  just  on  a  level  with  the  tip  of  the  brass  rod.  Meaaiuv 
very  carefully  the  distance  from  the  baae-board  of  the  apparatus  Up 
to  this  mark.  Then  Uft  the  horizontal  arm  of  the  index  and  turn 
it  back  till  it  lies  upon  the  heating-tube.  The  short  arm  of  Um 
index  will  now  point  upward,  and  (he  pencil-mark  which  it  cani^ 
will  be  as  far  above  the  centre  of  the  pivot  as  it  previouisly  ww 
below  this  centre.  Measure  very  carefully  the  present  distiOM 
from  the  base-board  to  the  mark  on  the  index.  One-half  the  dif- 
ference of  the  two  measTirements  now  made  is  the  distance  reqiiired, 
the  effective  length  of  the  short  arm  of  the  lever  index. 

Read  the  thermometer,  then  remove  it,  and  put  a  stopper  in  ita 
place.     There  is  no  further  use  for  the  thermometer,  as  the  bi^K' 
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temperature,  that  of  the  st-eam,  can  be  found  better  from  the  baro- 
metric pressure.     (See  Exercise  39.) 

Make  sure  tbat  the  brass  rod  atiU  rests  against  the  back-etop 
screw,  then  read,  aa  accurately  as  you  can,  the  position  ot  the  index, 
upper  or  lower  edge  according  to  convenience,  upon  the  vertical 
scale.  (The  levelling-screw  at  the  end  ot  the  bar  B,  Fig.  183,  which 
carries  this  scale,  is  for  uae  in  a  subsequent  Exercise.  In  the  present 
Exercise  it  should  not  be  allowed  to  rest  on  the  table.  The  scale 
should  be  brought  close  to,  but  not  into  contact  with,  the  index 
before  use,  by  turning  B  around  the  pin  which  reaches  into  the 
base-board.  B  can  then  be  fastened  in  the  right  position  by  means 
of  the  screw  a.) 

By  this  time  a  good  flow  of  steam  should  be  coming  from  the 
boiler.  Shp  the  end  of  the  inlet  rubber  tube  over  the  vent  of  the 
boiler  and  let  the  steam  take  its  course  through  the  tube  on  the  rack. 
Sec  that  there  is  a  free  escape  of  steam  from  the  other  end  of  this 
tube.  Watch  the  index  until  it  ceases  to  rise  along  the  vertical 
scale,  then  read  its  position  as  carefully  as  before. 

Read  the  barometer. 

From  the  difference  of  the  first  and  last  readings  upon  the  vertical 
scale  we  can,  making  use  of  the  ratio  ot  the  index-arms,  calculate  the 
increase  of  length  which  the  rise  of  temperature  has  produced  in 

From  the  original  length  of  the  rod,  the  increase  of  its  length,  and 
the  rise  of  temperature,  is  to  be  calculated  the  coefficient  of  expan- 
sion of  brass  far  1  Centigrade  degree — that  is,  the  fraction  of  iteelf  by 
which  the  length  of  a  bar  of  brass  is  increased  when  its  temperature 
is  raised  1  Centigrade  degree.  The  calculation  will  assume  that  the 
expansion  is  equally  great  for  each  and  every  degree  of  the  rise  of 
temperature.  This  is  not  quite  true.  The  quantity  which  the  cal- 
culation gives  is  the  average,  or  mean,  value  of  the  coefficient  be- 
tween the  limits  of  temperature  used. 

(It  is  well  to  do  this  Exercise  more  than  once,  repeating  all  the 
measurements.  In  order  to  do  this  properly  within  the  time  of  a 
two-hour  laboratory  period  it  will  usually  be  necessary  to  cool  the 
rod  somewhat  rapidly.  This  can  bo  done  by  removing  the  heating 
tube  from  the  rack  and  running  cold  water  through  it  tor  a  short 
time.  This  treatment  is  likely  to  leave  the  rod  a  little  cooler  than 
it  was  at  the  beginning,  so  that  its  expansion  maybe  a  vet^  \\U,Vi 
greater  at  the  aeoond  be&ting  than  it  was  at  the  first ^leato?,."! 


Allernalire  Melhod. 
Instead  of  th«  lever-index  described  in  this  ExcrciBe,  a  micronl- 
eter-screw,  similar  in  principle  to  tliat  used  in  Exercise  30  for 
measuring  the  diameter  of  the  wire,  can  be  used  for  measuring  Uie 
expansion  of  the  rod.  The  delica^^y  and  accuracy  of  this  device  can 
be  increased  by  using  an  electric  sounder  to  show  when  conlMt 
between  rod  and  n 


265.  Coefficient  at  Different  Temperatures.— For  met' 
als  between  0°  and  100°,  the  coefficient  of  expansion  is 
usually  nearly  unifonn,  but  through  wider  ranges  of  tem- 
perature this  uniformity  does  not  hold  good  in  the  case  o£ 
metals  or  of  other  solids.  It  is  found  that,  as  the  temperar 
ture  grows  higher,  expansion  usually  proceeds  at  a  more 
rapid  rate.  In  the  case  of  a  specimen  of  glass  whose  mean 
coefficient  per  degree  was  ascertained,  first  from  0°  to  100* 
and  then  from  0°  to  300°,  the  coefficient  k  was  found  in  the 
second  case  to  be  about  20  per  cent,  larger  than  in  the  first. 

266.  Applications. — The  expansion  of  most  substances 
with  rise  of  temperature  and  the  inequality  of  expansion  of 
different  substances  are  facts  which  must  be  taken  account 
of  in  many  kinds  of  work. 

The  need  of  allowing  room  for  expansion  of  steel  car-rub 
has  already  been  mentioned.  It  is  sidd  that  the  iron  frame- 
works within  brick  or  stone  walls,  used  so  commonly  in  the 
construction  of  "fire-proof"  buildings,  have  proved  dan- 
gerous, because  in  case  of  fire  the  expansion  of  the  iron 
ruins  the  walls. 

The  warmth  commtmicated  from  the  hand  to  a  ainill 
steel  cylinder  or  the  gauge  which  measures  it  may  cause  t 
misfit  in  the  works  of  a  watch. 

The  steel  tires  of  carriage- wheels  and  the  steel  jackets 
which  strengthen  barrels  of  large  guns,  are  put  into  place 
while  hot,  and  their  contraction  in  cooling  gives  the  neces- 
sary snuguess  of  fit. 
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In  st«aia-boileTs  having  steel  HheJIn,  or  bndioN,  tr  nM 
intmial  tubes,  allowance  mast  bi;  inuile  fur  tlic  f^roatrr  vx- 
pan^on  of  the  brass. 

Steam-^dpea  placed  nearly  horizontal  alonp;  the  walltt  of  o, 
room  are  not  li^iUy  fastened  to  the  walls  ut  Ixith  endu,  but 
are  supported  in  some  way  that  allows  them  to  expand  and 
contract.  The  expansion  is  on-sily  seen  in  lonn  pipes  whotl 
the  steam  is  turned  on,  and  part  of  the  ncnse  then  beard  it 
due  to  the  sUpping  of  the  pipes  upon  their  supports. 

The  unequal  expansion  of  two  metals,  already  Ulustrat«d 
in  J  25S,  is  made  usi;ful  in  a  riiiiiibi;r  <if  vvuy.H. 

Thermometers  are  made  (No.  LXVI)  in  which  an  index 
is  causet)  to  move  by  the  bending  or  unbending  of  a  com- 
pound bar  consisting  of  two  strips  of  luioqually  expansive 
materials  placed  side  by  side  and  fastened  clone  together. 

The  "gridiron  pendulum"  {V'lg.  184}  Is  so  constructed 
that  the  expansion  nf  the  hnins  bar  (.ihnwn  IiKht)  offsets 

(the  expansion  of  the  steel  bars  (shown  dark), 
so  that  the  effective  length  of  the  pendulum  is 
nearly  unchanged  by  change  of  temperature. 
In  the  "balance-wheel"  of  a  watch  or 
clock   No.  LXVII,  Fig.  185)  the  adjustment 


Fia.  184.  Fia.  IS5. 

for  changes  of  temperature  \a  made  by  setting  the  change 
of  curvature  of  the  rim,  BR,  which  is  open  at  two  placea. 


C  and  C,  to  counterbalance  the  change  of  length  of  the 
diameter,  DD.  The  outer  arc  of  RR  is  of  brass,  the  inner 
arc  of  steel,  so  that  heating  turns  the  free  ends  inward. 

IE  a  body  to  which  heat  is  rapidly  applied  is  thicker  in 
some  parts  than  in  others,  or  if  the  heat  is  unsymmetrically 
applied  to  it,  some  parts  grow  hot  faster  than  others,  ami 
the  result  is  an  unsynunetrical  expansion,  which  may  break 
the  body.  Glass  vessels  are  often  broken  in  this  way  by 
pouring  hot  water  into  them.  Like  results  may  come  from 
imsymmetrical  cooling  of  hot  bodies. 

267.  Trevelyan's  Rocker. — One  of  the  most  interesting 
effects  of  heat-expansion  is  shown  in 
the  following  experiment,  in  which 

,  the  slight  impulses  ^ven,  first  to  one 
A  edge  and  then  to  the  other  of  the 
"rocker"  (No.  LXVIII,  Fig.  1S6) 
by  the  lead  expanding  at  the  points 
of  contact,  keeps  the  rocker  in  rapid 
oscillatory  motion  for  a  conaderable  time.  The  result  is 
a  more  or  less  musical  note,  subject  to  eccentric  changes 
of  pitch  when  the  rocker  is  disturbed  by  a  touch. 

EXPERmEHT. 

Lay  the  lead  ring  of  No.  LXVIII  upon  the  table.  Heat  the 
rocker  till  it  ia  nearly  hot  enough  to  melt  lead,  scrape  its  two  ridges 
till  they  are  bright,  then  lay  theae  ridges  upon  one  edge  of  the  lead 
ring,  the  end  of  the  handle  resting  upon  the  table.  Jo^le  the 
rocker  until  it  begins  to  give  out  a  musical  tone. 

268.  Coefficient  of  Cubical  Expansion. — Since  each  edge 
of  a  cube  whose  length  at  0°  is  1,  becomes  1  +  fc  (§  264)  at 
1°,  the  volume  of  the  cube  which  at  0°  was  1,  will  at  1° 
become  (1  +  *)',  or  l  +  3k+Zk*+k\ 

Now  the  value  of  k  is  always  a  very  small  fraction,  and 
consequently  its  square  or  its  cube  is  so  extremely  small  u 
quantity  that  it  may  for  common  purposefi  be  altogether 
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ne^ected,  so  that  the  value  of  (1  +  fc)'  is  prac 
to   H-3A,     Suppose  that  for  some  particular  sui 
4=0.0001.     Then,  if  the  object  expenmeut^d  upon    j  _ 
cube  1  cm,  on  an  edge,  it  will,  after  being  heated  1°,  h»       \ 
volumeof  (1.0001)'  =  1.000300030001;  sothat.rcckoneu 
seven  places  of  decimals,  the  cubical  expansion,  expresse* 
a  fraction  of  the  ori^nal  volume,  is  just  three  times  the  UnEoi 
expansion  expressed  as  a  fraction  of  the  ori^nal  length. 

The  coe^icienl  of  cutdcal  expansion  is  define<l  as  the 
ratio  which  the  increase  of  volume  for  1°  rise  of  tenii)era- 
ture  bears  t,o  the  ori^nal  volume.*  In  the  case  supposed 
it  ia  0,0003,  which  is  three  times  as  large  aa  the  coefficieat 
of  linear  expansion,  0.0001,  If  we  had  not  1  cu.  cm.  only, 
but  a  body  of  V  cu,  cm,,  having  k  as  its  coefficient  of 
linear  expansion,  the  volume  after  a  rise  of  temperature 
from  f°  to  t'°  would  be  V'^V  {l  +  Zki,t'-t)),  the  in- 
crease being  3k{l'  —  t)  V.  We  shall  represent  the  quantity 
Zk,  the  coefficient  of  cubical  expansion,  by  K. 

269.  Expansion  of  Liquids. — Liquids,  like  solids,  vary 
greatly  among  themselves  in  the  amount  of  expansion 
which  they  undei^  for  equal  increments  of  temperature. 
In  liquids  we  generally  have  to  do  with  cubical  expansion, 
and  we  may,  as  appears  from  5  257,  in  measuring  this  take 
account  either  of  apparent  or  of  real  expansion. 

The  real  expansion  of  a  liquid  can  be  detemdned  by 
using  the  device  of  balancing  columns  described  in  Exer- 
cise 8.  This  method  gives  the  ratio  between  the  density  of 
the  liqtiid  cold  in  one  branch  of  the  tube  and  the  density 
of  the  same  liquid  hot  in  the  other  branch,  and  from  this 
ratio  the  rate  of  expansion  is  easily  found.  Mercury  is  the 
liquid  that  has  been  most  carefully  tested  in  this  way. 

*  In  the  case  o!  gases,  which  are  very  expansible,  it  is  customary 
to  divide  the  increase  per  degree  by  the  volume  at  0°  C,  even  when 
the  actual  starting -point  of  the  expansion  is  some  other  temperature. 
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The  real  expansion  of  other  liquids  can  be  determined 
by  a  like  test,  but  the  more  common  method  is  to  measure 
first  thdr  apparent  expansion  in  glass  bulbs  with  slender 
stemsattached,  and  thcnaddto  the  apparent  expansion  the 
expansion  of  the  bulb.  The  expansion  of  the  bulb  is  meas- 
ured by  means  of  the  already  determined  real  expansion  of 
mercury  as  follows:  Fill  the  bulb  and  stem  with  mercury 
at  0°;  raise  the  temperature  to  100°,  and  catch  the  small 
quantity  of  mercury  which  overflows  during  the  heating. 
Weigh  this  amout  of  mercury,  and  weigh  also  the  amoimt 
which' remains  in  the  bulb  and  stem.  Knowing  the  real 
expansion  of  rnercurj',  one  can  calculate  how  great  the  over- 
flow would  be  if  the  bulb  did  not  expand.  Comparing  this 
with  the  actual  overflow,  one  can  find  how  much  the  bulh 
has  expanded.  This  apparatus  is  called  a  weight-ther- 
momeler.  The  hollow  space  of  the  bulb  really  expands 
as  much  as  a  solid  piece  of  glass  of  the  same  size  would 
expand.  If  we  put  K  for  the  coefficient  of  real  expansion 
of  a  liquid,  K^  for  its  coefficient  of  apparent  expanfiion, 
K„  for  the  coefficient  of  cubical  expansion  of  the  material 
of  the  vessel  filled  by  the  liquid,  and  V  for  the  capacity 
of  the  vessel,  we  have 

app.  exp.  of   liq.   =  real    exp.    of   liq.  —  exp.   of  vessd, 
or      VXK.Xit'-l)^VXKX{f-t)-VXK„X(.t'-t), 
K^=K-K„. 


For  equal  increments  of  temperatiu-e  liquids  in  general 
expand  much  more  than  solids. 

270.  Irregular  Expansion  of  Water  and  other  Liquids. 

— If  a  thermoineter-hulb  and  tube  of  suitable  proportions 
were  filled  with  boiling-hot  water  and  then  alloM^ed  to  coo! 
slowly  to  the  temperature  of  melting  ice,  the  surface  of 
water  in  the  tube  would  fall  slowly  until  a  certain  point  waa 
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reached,  after  which  it  woulJ  rise  until  the  ' 
of  the  sanie  temperature  as  the  melting  ice.  i  i 

point,  at  wMch  contraction  ceases  and  expansion  .. 
when  the  water  reaches  its  temperature  of  maximuni  utu 
sity,  is  very  near  4°  C.     Water  taken  at  this  teniixtrali 
then,  becomes  less  dense  upon  being  either  cooled  or  heati. 
Its  density  at  0°  C.  is  substantially  the  same  as  at  8'  <-. 
If  the  volume  of  a  given  portion  of  wati-r  is  1.00000  at  0" 
C,  it  would  be  about  0.99987  at  4"  C,  1.0118  at  50°  C. 
and  1.0430  at  100"  C. 

An  imjiortant  coiLsequence  of  this  ntrinii.si  iH'Imvior  of 
water,  on  coolitJ^  Mow  4°.  is  that  htk.-s,  yuAr.  :aA  nvi-i'-. 
in  severely  cold  weather,  when  the  temperature  at  the  bui^ 
face  approaches  0°  C.  tend  to  maintain  at  the  bottom  a 
temperature  of  A°  C,  so  that  ice  does  not  ordinarily  form 
in  their  depths.  Large  bodies  of  fresh  water  in  which  the 
natural  course  of  things  is  not  disturbed  by  deep  currents 
or  the  presence  of  springs — deep  lakes  like  Lake  Tahoe  in 
California,  for  instance — show  a  bottom  temperature  of 
about  4°  C.  at  all  seasons. 

Salt  water  continues  to  contract  below  4°  C.  and,  if  it  is 
salt  enough,  down  to  and  below  its  ordinary  freezing-point, 
which  is  itself  below  0°  C. 

EXPERIMEirr. 

Stir  a  quantity  ot  lee  and  water  together  till  the  mixture  is  at  0°  C. 
Then  fill  the  brass  bucket  (No.  6),  already  cooled,  with  the  wat«r. 
Hang  up  the  bucket,  place  the  thermometer  in  it,  and  note  the  tem- 
perature of  the  water  at  the  top  and  at  the  l>ottom  after  a  few  min- 
utes of  quiet. 

Most  liquids  expand  more  rapidly  at  high  temperatures 
than  at  low  temperatures,  according  to  the  mercury-ther- 
mometer. Accordingly,  if  a  thermometer  were  made  after 
the  fashion  of  a  mercury-thermometer,  but  with  a  different 
liqiud — glycerine,  for   instance — and  if  the  expansion  of 


this  liquid  between  the  freezing  and  boiling  temperatures 
of  water  were  divided  into  100  equal  parts,  each  called  1°, 
this  thermometer  would  generally  not  agree  with  a  mercury- 
thermometer,  if  each  were  true  to  itself.  According  to 
the  mercury- thermometer  glycerine  expands  irregularly, 
According  to  the  glycerine-thermometer  mercury  expands 
irregularly.  We  take  as  a  standard  for  ordinary  purposes 
that  themiometer  which  we  find  most  convenient,  the  mer- 
ciu^'-thermometer;  but  for  more  refined  purposes  we  find  a 
better  standard  in  some  form  of  gas-thermometer.  See 
§274. 

QUESTIOHS  AKD  PROBLEUS. 
(li  It  A",  thepocffipient  of  culiipnJ  expanBion  of  copper,  isO.000051, 
how  great  is  k,  the  coetfipient  of  linear  expanaonT 

(2)  What  18  the  excess  of  length  at  30°  C,  of  a  steel  meter-rod 
which  is  correct  at  1G°  C,  K  being,  we  will  suppose,  0.0000367 

(3)  An  iron  ring,  of  10  cm.  internal  diameter  at  20°  C,  is  to  be 
slipped  onto  a  cylinder  which  is  10.001  cm.  in  diameter  at  20°  C.  If 
k  for  the  ring  is  0,000012,  to  what  temperature  must  it  be  heated 
in  order  to  be  placed  upon  the  cylinder? 

(4)  If  the  cylinder  in  the  preceding  problem  is  of  brass,  with  k= 
aOOOOlS,  at  what  tempprature  would  the  cylinder  slip  into  the  ring, 
if  both  were  cooled  together  and  equally  from  20°  C7 

(5)  If  K  ia  0.000025  for  glass,  what  is  the  capacity  at  1 00°  C.  of  a 
flask  that  contains  800  cu.  cm.  at  0"  C.7     (See  §  269.) 

(6)  If  this  flask  held  10,848  gm.  of  mercury  at  0°  C,  how  many 
grams  would  it  hold  it  both  glass  and  mercury  were  at  100°  C,  the 
mean  value  of  K  for  mercury  between  these  two  temperatureH  being 
0.00018? 

271.  Expansion  of  Gases. — The  rapidity  with  which 
gases  expand  when  heated  was  well  illustrated  by  the 
promptness  with  which  Mr-bubbles  began  to  escape  when 
the  bulb  was  heated  in  Exp.  1  of  §  257.  The  accurate 
measurement  of  the  expansion  of  gases  is,  however,  eom- 
pUeated  by  the  fact,  already  well  known  to  the  student, 
that  the  volume  of  a  gas  is  greatly  dependent  upon  the 


From  Ac  data  otaaiMd  ■■  thnr  t««  EsMciM*  nm  wfiA' 
aatts  at  erfmmmm  an  tah^aJnJiutni,  Onr  e  tlw  <«M4fr' 
cimt  rf  fTfiiiM  ct  ^rtnm,  vitk  mluBW  WMtmt;  «li» 
other  is  the  corOarat  ti  expaiaaan  of  nlmmm^  m  A  |«nr> 
sure  constant.  Hie  first  is  obtttnnl  by  ^ThGrifC  tW  )«> 
crease  of  pmrmrr  pw  decree  rise  of  temtxntun-  *$f  ttt* 
pressure  tchich  irouiti  trrp  At  gas  al  iMf  tamt  n<iwnt  of  IV*  t\ 
The  second  is  obtained  by  di\-iding  the  incjvatai'  nf  n^tmrn 
per  degree  rise  of  temperature  by  Ihf  mtHmr  w^ich  lA<°  90* 
vxruid  have  under  the  same  prcssurr  at  0°  C. 

Reference  to  0°  C.  was  not  made  in  defiuiiiK  the  (H»e(lloiwit. 
of  expansion  of  a  solid  (§  264).  It  made  prftrlirally  iin 
difference  there  whether  the  lower  teniiwratiirc  wan  0"  or 
the  temperature  of  the  room.  But  in  the  oa«i!  tit  uhwch  thin 
does  make  a  good  deal  of  difference.  So,  in  acconlmioii 
with  the  definitions  just  given,  we  shall  in  KxerciHcit'lI  miil 
42  begin  by  cooling  the  gas  to  0°  C. 

It  is  very  important  that  these  Kxerciww  Hhiinld  ht>  prr- 
formed  with  dry  air  If  at  the  lower  tcinporutiirti  thcirti  In 
any  liquid  water  in  the  tube,  even  an  inviMiblo  dim  on  Hh 
inner  wall,  the  rise  of  temperature  will  eviipurat't  part  iir  nil 
of  this  water,  thus  increasing  the  priMHuro  tou  nmah,  fttid 


causing  error  in  tlie  result.    Accordingly,  mueh  care  is 
taken  to  fill  the  tubes  with  dry  ur. 


.ipparahis:  Xoa.  80  (vitlionit  the  pau^;,  83,S5,  SGa,  S7,  8Sj  SSt 
and  88b.  A  meter  -n>d  a  baromeKr,  rubber  stoppers  and  conncct- 
inp  tubes,  a  quaotity  of  snow  oi  pounded  ice 

In  handling  the  tube  that  'Contains  the  dr>-  aor  and  the  mermrr 
keep  the  sealfxl  blanch  neaily  horitontal,  do  not  loner  the  otter 
branch  enoiuh  to  let  any  mercury  flow  out,  and  a\-oid  shocks  lest 
the  mercary- column  be  broken  so  as  to  include  bubbles  ot  air. 

Fill  the  boiler  with  water  to  a  depUi  of  sei'eral  centimeteia,  put 
on  the  top,  close  all  the  steam  outlets  except  the  lowest,  and  jivx 
the  flatne,  not  more  than  8  cm.  tall,  beneath. 

Measure  the  distance  from  the  brass  ring  r  (Fig.  18S).  touchmj 
the  rubber  tubc_  to  the  sealed  end  of  the  bore  of  the  glass  tube.  (If 
the  sealed  end  of  the  bore  laperx,  do  not  measure  to  the  extreme  tip, 
but,  as  well  as  you  can,  to  the  spot  where  the  bore  would  end  il  it 
stopped  without  tapering  but  had  the  same  total  volume  as  now.) 
Call  this  distance  D. 

Push  thi- scaled  end  through  a  short  stopper  into  the  cooling  IMV, 
(  fFig.  187),  and  cover  the  whole  length  of  the  imprisoned  air-colunm 
with  enow,  or  with  water  kept  at  0°  C  by  means  of  poimded  kt. 


Fig.  187. 
Place  a  spirit-level  on  the  platfonn  which  supports  the  outer  flaa 
tube  and,  by  means  of  the  screw  S,  level  the  platform.  Adjust  the 
outer  glass  tube,  by  means  of  the  arm  e,  in  such  a  way  that  the  tiw 
ends  of  the  mercury- column  shall  be  at  the  same  height  above  the 
leveled  platform,  pulling  the  sealed  tube  out  through  the  stopper 
till  the  inner  end  of  the  mercury-column  is  just  visible.  The  im- 
prisoned air  will  now  be  at  atmospherie  pressure,  the  two  ends  of 
■  the  merciin,'- column  being  at  the  same  level  feven  though  inler- 
Wening  parts  of  this  column  may  be  at  a  lower  level).     Lr»vt  tU 
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bube  in  this  condition  for  a  few  minutes,  readjusting  slightly  if  need 
je,  till  contraction  of  the  a'r-column  has  ceased;  then  measurt  the 
distance  from  the  rubber  tube  to  the  inner  end  of  the  mercury- 
column.     Call  this  distance  tl.. 

The  difference,  D—d„  between  the  two  meaaurementa  now  re- 
corded is  to  be  taken  as  the  length,  Z^  of  the  imprisoned  wr-column 
at  0"  C.  under  atmospheric  pressure 

The  barometer  reading  should  now  be  noted.    Call  this  p^ 

Take  the  tube  from  the  cooling  tray  to  the  heating  apparatus. 
Fig.  188.  Push  the  sealed  end  through  the  perforated  lubber 
stopper  in  the  heating-tube  till  the  length  i„  has  disappeared;  that 
is,  till  the  distance  from  the  stopper  to  the  brass  ring  at  the  elbow 
of  the  glass  tube  is,  as  before,  equal  to  d_.  Rest  the  outer  glass 
tube,  turned  high  as  in  Fig.  18S,  on  S. 

Lead  steam  from  the  boiler  through  the  heating-tube,  as  in  Ex- 
«rcnse  40.     While  the  apparatus  is  heating  up,  level  the  bar  B. 

After  the  atcara  has  been  flowing  some  minutes  through  the  appa- 
latus,  raise  or  lower  the  outer  glass  tube,  by  raising  or  lowering  S 
or  by  sliding  c  to  the  left  or  to  the  right,  until  the  inner  end  of  the 
mercury-column  is  just  at  the  outer  end  of  the  rubber  stopper  thus 
making  the  length  of  the  imprisoned  wr-column  l^  just  *  what  it 
was  at  0°  C  under  atmoapher 


I  FiQ.  188, 

I      After  making  sure  that  expansion  of  the  imprisoned  e^r  has 
oeased,  measure  the  difierence  in  height  of  tbe  two  ends  of  the 
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mercury-column  above  the  leveled  bar  B.  Call  this  h.  This  dif- 
ference represents  the  increase  of  pressure,  pi—Po,  lequired  to  keep 
the  volume  of  the  air  the  same  at  the  temperature  of  steam  as  at 
the  temperature  of  melting  ice. 

Calculate  a,,  the  coefficient  of  expansion  of  pressure  wOh  constant 
volume,  thus* 

«i=(P<-P«)-*-Po(^-0)i 

• 

where  Pq=  pressure  (atmospheric)  upon  the  air  at  0®  C, 

pt= total  pressure  upon  the  air  at  steam  temperature, 
t=  temperature  of  steam  (found  from  th«^  barometer  read- 
ing). 

EXERCISE  42. 

INCREASE  OF  VOLUME  IN  A  OAS  HEATED  UNDER  CONSTANT 

PRESSURE, 

Apparatus:  The  same  as  in  the  preceding  Exercise. 

Proceed  exactly  as  in  the  preceding  Exercise,  until  the  steam  be- 
gins to  flow  through  the  heating-tube.  Then  put  and  keep  the  two 
ends  of  the  mercury-column  at  the  same  level,  the  inner  end  being 
kept  just  at  the  outer  surface  of  the  rubber  stopper,  and,  when  expan- 
sion ceases^  measure  the  distance  from  this  end  to  the  brass  ring  at 
the  elbow.     Call  this  distance  d^. 

It  is  evident  that,  when  this  measurement  is  made,  the  air  is  under 
the  same  pressure  as  when  it  was  in  the  cooling  tray.  The  increase 
of  length  of  the  air-column,  representing  its  increase  of  voliune,  is 
found  from  the  measurements  now  recorded. 

Calculate  aj;  ^^e  coefficient  of  expansion  of  volume  vnth  constant 
pressure  J  thus: 

«2=ft-^)-V^-0), 

where  1^=  the  length  of  air-column  at  0°  C, 

lt=  "        "      "         "  "  the  steam  temperature, 

t  =   "   temperature  of  steam. 

272.  Discussion  of  Restilts. — From  the  equations  in  Ex- 
ercises 41  and  42  we  get,  putting  v  for  Z, 

Vt  =  Po(  1  +  «iO .  when  v  is  constant, 
and  Vt  ==  Vo(  1 + ^zO  >  when  p  is  constant. 


7raitMOMBTHY. 

C&r^ul  experiments  sbcm*  that  Mcfa  of  the  t 
a,  and  a,,  is  ftbout  0.003665.*  or  nnrty  yf,.  for  urand  for 
variniis  other  ^ases;  aud  hennefi>rth  »*  shall  write  taA  of 
them  as  a,  with  the  %'alup  jiy. 

This  means  that  a  gas  at  constant  voluitu-  in  bring  hwted 
from  0'^  C.  to  100="  C.  suffers  an  increas*  of  pressiue  equal 
to  IIJ  of  its  pRMara  at  0°  C;  and  that  a  gas  at  omstant 
pressure  in  bdng  heated  fnm  0°  C  to  lOO'  C  soffora  an 
increase  of  volume  equal  to  ^  <A  its  volume  at  0°  C 

But  would  it  be  true  to  say  that  a  gas  at  constant  volume 
will  expand  in  pressure  y^  part  o(  iia  V  C  pressure  for 
eaA  degree  C.  rise  of  temperature,  as  noted  on  the  mereuiy- 
thermometer ;  or  could  we  make  the  similar  statement  con- 
cemingagasatcoDstantpreesure?  No:  neither  statement 
would  be  quite  true.  If  we  take  the  mercury-thermometer 
as  our  standard,  the  expansion  of  gases  is  not  quite  regular. 

Sometimes,  however,  the  mercury-thennometer  is  dis- 
carded as  a  standard,  and  the  "  fur-thermometer"  is  taken 
in  its  stead.  When  this  is  done,  we  take  as  the  definition 
of  one  degree  centigrade  on  the  air-thermometer  such  a 
change  of  temperature  as  will  change  the  pressure  of  the 
air,  at  constant  volume,  ^tt  P*"^  of  its  0°  C,  value,  or  will 
change  the  volume  of  the  air,  at  constant  pressure,  j^f  part 
of  its  0"  C.  value. 

For  ordinary  purposes  it  is  unnecessary  to  distinRuish 
between  the  degrees  of  the  air-thermometer  scale  and  those 
of  the  mercury-thermometer  scale. 

273.  Behavior  of  Different  Gases;  Law  of  Charles. — It 

is  found  that  all  gases,  at  temperatures  far  from  their  jMniit** 
of  condensation  into  liquids,  expand  nearly  alike ;  bo  that  if 
the  student  had  used  coal-gas,  carbonic-acid  gas,  or  hydro- 
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gen,  in  Exercises  41  and  42.  he  would  have  obtained  neariy 
the  same  results.  The  equality  of  gases  in  regard  to  expan- 
sion is  set  forth  in  a  law  known  from  its  discoverer  as  the 
law  of  Charles.  It  is  variously  worded  by  different  authon. 
Clerk-Maxwell  in  his  Theory  of  Heat  states  it  as  follows: 

The  volume  of  a  gas  under  constaiit  pressure  kejmwJs 
when  raised  from  the  freeing  to  the  boiling  temperature  [oj 
water]  by  the  same  fraction  of  ilself,  whatever  be  the  naturt 
of  the  gas. 

274.  Relative  Merits  of  Gases  and  Mercury  as  Ther- 

mometric  Substances ;  Air-thermometer, — The  unifomiity 
of  the  behavior  of  all  gases  within  a  wide  range  of  t^^mpera- 
ture  is  in  striking  contrast  to  the  behavior  of  hquids  and 
solids,  no  two  of  which,  so  far  as  we  know,  agree  exactly  in 
their  rates  of  expansion,  or  even  have  rates  that  maintain  a 
constant  ratio  at  different  temperatures. 

In  assuming  that  the  apparent  expansion  (§  259)  of  me> 
curj'  is  regidar,  as  we  do  in  making  and  using  mercury- 
thermometers,  we  have  to  assume  that  all  other  substancfs 
expand  irregularly.  Yet  mercury  ae  a  thermometric  sub- 
stance has  much  in  its  favor,  A  very  low  temperature  is 
required  to  freeze  it,  and  a  very  high  temperature  to  boil  it 
Its  excellent  conductivity  for  heat  enables  it  to  become 
heated  or  cooled  quickly.  It  does  not  wet  the  tube  which 
incloses  it  and  leave  an  adhering  film,  when  the  column 
descends,  as  moat  hquids  would.  If  a  liquid  is  to  be  used, 
mercury  is  the  best  one  fur  general  purposes. 

But  as  all  the  permanent  gases  agree  very  closely  in  thai 
rates  of  expansion,  it  seems  better  to  take  a  gas  as  ^ 
standard  thermometric  substance,  and  to  test  the  merouiy- 
thermometer  by  comparing  it  with  a  gaa-therraometer. 

As  sometimes  constructed,  the  gas-thermometer  (No. 
LXIX)  consiata  of  a  bulb,  B  (Fig.  189),  filled  with 


fully  dried  air,  oonneeted  br 
S  and  a  short  ^mbb  tidie  <?. 
with  one  end  of  a  rubber  Uitt  S 
oontidning  mercurv,  tins  tdie  eob- 
neeting  with  a  ^bas  funnel  F  axm 
other  end.  The  meminr-eulunixt 
confines  the  dry  air  and,  the  ovur 
end  being  raised  or  lowenad  at  vilL 
serves  to  exert  upon  it  the  raranr 
pressures  required  to  keep  tbt  tuI- 
ume  of  the  air  unchangnd  yfhm  nt 
temperature  is  raised  or  kiwemd. 
The  temperature  of  the 
time  is  calculated  f  lom  its 

The  bulb  may  have  a  cMfmctj  \£ 
one  or  two  hundred  edbit 
meters  and  the  whole 
too  cimibrous  for  commoL  vir^ 

m  m 

It  can  be  used,  however,  i/r  v*rJ:i 
and  correcting  mercury-ti 
ters  intended  for  ^ccunrj: 
Far  below  the  temperatTXP!:  at 
mercury  freezes  and  far  aly,*.*  zs, 
temperature  at  which  it  V.Ca.  v>i 
gas-thermometer  can  be  -Vf : :  \:j\  -« 
C.  or  + 1000°  C,  we  may  \^,  •:..-*  •.-.i 
determined  accimttely,  hav<r  -/^f^-.  >-^- 
a  gas-thermometer  or  furtrrjf-,  :r.-»*r;  -«^-* 
trical  device,  tested  and  ^>x.r'rr^.  -,•-  .* 
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275.  The  ^Abaohtte"  Thennr/meut  Scdl^.^  Tf  ^^  -^  ^ 
two  temperatures,  ^i^C.  anii /-''^.  .r.  -..o:  »•*  r;  ^7  ,'  ^'•' 
cordance  with  §  272,  write,  for  a  ^-a^  %^ 


t  '^r^r.J'iif.  V  '/Oi* 


rr.^, 


".-"•(i+is) 


and 


'.=p.i+^. 


whence 


p,  ^  273+ <, 
p^      273+ V 
Similarly  we  get,  for  a.  gas  at  constant  pressure, 

Dj      273+ (3 

Here  i[  and  i,  are  reckoned  from  the  freezing-point  <l 
water.     But,  in  deahng  with  gas  problems,  there  is  a 
tain  convenience  in  reckoning  temperatures  from  a  p 
273°  below  the  freezing-point  of  water.     U  we  do  this,  ■ 
use  capital  letters  for  this  new  scale,  we  get 

Ti=273+(„     and     7',=273+^ 
which  puts  equations  (1)  and  (2)  into  the  form 

^-x  ■  ■  ■  (^'  -d  i-h  ■  ■  ■ 

The  scale  of  temperature  to  which  T,  and  T^  belong 
called  the  absolute  scale  of  the  gas-thermometer,  1 
zero  of  this  scale  is  called  the  absolxUe  zero  of  the  gae-tl 
mometer. 

Hydrogen  boihng  at  atmospheric  pressure  has  a  temper- 
ature about  20°  above  this  zero.  For  the  measurement  of 
temperatures  so  low  as  this  thermometers  containing  a 
rarified  gas  are  vised. 

Itis  proved  in  the  Appendix  VI,  that,  if  p,,  v„  T^  are  the 
pressure,  volume,  and  temperature  (absolute)  of  any  body 
of  gas  in  any  state  1,  and  p^,  u,,  1\  the  pressure,  volume, 
and  temperature  (absolute)  of  the  same  body  of  gas  in  any 
state  2,  the  following  relation  holds: 


I 
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U  we  are  told  any  five  of  the  six  quantities  in  this  equa- 
,  we  can  find  the  sixth.  Accordingly,  this  equation  is 
•  laseful  in  dealing  with  cases,  such  as  are  given  in 

»ine  of  the  following  problems,  in  which  p,  v,  and  T  all 

ihange  together. 

PROBLEMS. 

(1)  A  certain  quantity  ot  ah  has  a  volume  of  273  cu.  cm.  at  0'  C. 
■under  a  pressure  of  546  cm.  of  mercury.  It  is  h(^ated  under  the  same 
-pressure  till  its  volume  is  293  cu.  cm.  What  ia  ita  final  temperature? 
I  (2)  The  same  quantity  of  gos  is  cooled  under  the  same  preaaure 
pill  its  volume  ia  263  cu.  cm.  What  is  the  final  temperature? 
I  (3)  The  gas  ia  heated  until  ita  pressure  is  equal  to  819  cm.  of  mer- 
''Bury,  ita  volume  being  273  eu.  cm.     What  ia  ita  final  temperature? 

(4)  It  la  cooled  with  the  aame  volume,  273  cu.  cm,,  till  ite  pressure 
ia  equal  to  only  500  em.  of  mercury.     What  ia  its  final  temperature? 

(5)  If  the  gas  could  be  cooled,  with  this  same  volume,  till  ita  prjs- 
aure  were  7ero,'what  would  the  final  temperature  be,  according  to 
the  definitiona  given  above? 

(6)  What  temperature  ot  the  ordinary  Centigrade  scale  corre- 
sponda  to  400°  of  the  absolute  scale?  t«  250°? 

(7)  Find  T  when  ( ia  300°  C. ;  when  i  is  - 1 00°  C. 

(8)  What  ia  the  volume  at  400°  absolute  of  a  quantity  of  gas 
-which  occupied  1000  cu.  cm.  at  300°  absolute,  the  pressure  being 
unchanged? 

(9)  What  ia  the  pressure  at  500°  absolute  of  a  quantity  of  gag 
Miich  bore  a  pressure  of  76  cm.  of  mercury  at  400°  absolute,  the 
hnlume  Jieing  unchanged? 

W  (10)  What  is  the  volume,  when  (=200°  C,  ot  a  quantity  of  gas 
KaA  occupied  500  cu.  cm.  when  (  was  50°  C,  the  pressure  being 
fcmc*ar.ged7 

(111  If  with  a  certdn  quantity  of  gaa  p=100  and  ti=-500,  when 
T=300,  what  must  7"  be  in  order  that  p'  may  be  150  and  v'  400? 

(12)  If  a  quantity  of  gas  under  a  preaaure  of  70  cm.  at  500°  abso- 
lute has  a  volume  ot  800  cu.  cm.,  what  preasure  will  make  ita  vol- 
ume 400  cu.  cm,  when  its  temperature  is  300°  absolute? 

fl3)  If  p=10  lbs.  to  the  square  inch  and  v=50  cu.  ft.,  when  (= 
300°  C,  what  will  be  the  volume  v'  when  p'=26  Iba.  per  Gcv^ace 
inch  ana  <~600°C7 


J 


(14)  If  a  room  20  m.  long,  1 0  m.  wide,  and  5  m.  high  contains  1291) 
kgm.  of  ^r  at  0°  C.  when  the  barometer  reads  76  cm.,  how  much  li' 
will  it  contain  when  the  temperature  is  30'  C.  and  the  bammeter 


276.  Some  Effects  of  Cubical  Expansion.— The  draft  of 
a  stove  or  an  ordinary  furnace,  the  circulation  of  hot  at 
through  a  building,  and  of  water  through  the  pipes  of  a 
heating  system,  all  are  due  to  the  unequal  denatyof  air 
or  water  at  different  temperatures.  Winds  are  due,  di- 
rectly or  indirectly,  to  unequal  heating  in  different  portions 
of  the  atmosphere,  and  ocean-currents  in  part  to  the  rise 
of  water  heated  by  a  tropical  sun.  The  importance  of  this 
joint  circulation  of  air  and  water  in  equalizing  the  tempers 
ture  of  the  earth's  surface  is  incalculable. 


I   Problems  on  Chapter  XXL 
Appendij:  for  CoeffkieTits  of  Expansion.) 


I 


(1)  How  could  a  mercurial  Centigrade  thermometer  be  constructed 
80  as  to  make  a  degree  very  long — for  instance,  a  centimeter  or  morel 

(2)  The  apace  above  the  mercury  in  a  good  thermometer  13  nieaot 
to  be  a  vacuum.     Can  you  give  any  reasons  for  this? 

(3)  What  is  the  temperature  of  boiling  water  when  the  barometer 
reada77cni.7 

(4)  What  ia  the  error  of  the  boiling-point  in  a  thermometer  that 
reads,  in  free  ateam,  100°. 1  when  the  barometer  stands  at  77.8  fin-! 

(5)  The  standard  platinum  meter  of  France  ia  correct  at  0°  C. 
What  is  ita  length  at  20°  C.  ? 

{6)  Indicate  the  calculations  by  means  of  which  you  found  the 
coefficient  of  expansion  of  brass  from  your  experimental  data. 

(7)  What  force  would  be  required  to  prevent  contraction  of  a  rod 
of  brass  of  1  sq.  cm,  in  area  of  cross-section,  cooling  from  30°  tfl  0'? 
(It  would  be  the  same  as  tiie  force  required  to  stretch  the  rod  the 
amount  that  it  would  naturally  contract  in  cooling  30°.  Young's 
modulus  (I  1981  for  brass  may  bo  called  10',  reckoned  in  grams  and 
centimeters.) 

(8)  A  glass  rod  is  graduated  in  millimeters  and  is  correct  at  0°;  ft 
rod  of  Steel  is  graduated  in  millimeters  and  is  correot  M  1ft*.    M 


THEtuKnanr.  isf 

what  temperature  (sbot«  IS*)  «ji  Ac  ka0k*  W  *e  AntaiM*  «■ 
the  two  scales  be  equal* 

(9)  TeU  what  mewi 
the  greatest  <?arc,  and  pre  n 

(10)  Ag!a^bulbiiju«flMbrM«<«.«B.«tfamv)rM«'a 
If  the  (^ocmi-ienl  of  cubical  iinwiiii  tf  miimj  m  WNMI m4 Itei 
of  glass  0.000025.  idiat  dcdnal  pwt  of  ite  «ri|kMtf  MMB^  iMaMqr 
wUlrenuinmtbebulb^irfaeiiitbbeaKidtBiatrr*     jtw    0SM7. 

(11)  The  same  bulb.  PtfilM  M  O*.  m  kaisi  mM(  it  luaw  Oi 
cm.  of  unexpamled  mercurv.    To  wfaai  t»mniira»miti  it  k  faiaW 

At.  tt-.l  C. 

(12)  The  bmDroeter  out  of  doen  M  O*  ^Mii  «  »  <w.  WlMt 
will  be  the  reading  aSUr  it  haa  been  bvui^a  ioM  a  tatmt  m  «4d«ti  it 
attains  a  temperature  of  18*  C  tfar  alwit>yh«n<  )««■«•»  f-HMJltHn 
unchanged?     (Neglert tbeexpNOMoan^UKaralr.)     Amt.  7C.M3aw. 

(13)  A  certain  thenpoineter  U  «kd  to  «  pv^  hiJghH^Hi  WMMMWy 
at  0°  and  the  tube  is  thm  gnd<ial«L  Eacb  Gmifnda  *^|W»  la 
found  to  measure  just  I  mm.  lYr  mdc  t«b>,  at  0*,  b  aftarWMla 
filled  to  the  same  height  with  tir^cbet.  akd  «aw  mm  ^mlnaUA. 
How  long  are  the  new  degnm?  (Tikr  O.00IOC  aa  Hat  wwUchtt  Of 
cubieal  expansion  of  alcohol,  O-OOUllI  ••  (liat  «f  nvmnvy,  «a4 
0.000025  aa  that  of  ^an.)  Atu.  (i.«J  ew.  umAy. 

(14)  Preaaure  remaining  unchaoeed,  at  what  temperaiun  would 
tite  density  of  a  quantity  of  air  be  ooe  half  as  gre^  as  at  10*  CT 

(15)  The  denmty  of  air  bring  0.0012B  gm.  per  cu.  lan.  at  0*  C. 
under  a  pressure  of  76  cm.  of  mercun-,  find  a  preaaure  and  a  tem- 
perature, both  different  from  thoee  just  Darned,  at  which  a  liter  ot 
air  would  weigh  just  1  gram. 

(16)  A  room  measures  3X3X3  m.  How  many  cubic  oentimieten 
of  air,  auppoaed  unexpaoded,  will  eacape  from  it  wfaeo  the  remaining 
air  is  wanned  from  10°  C.  to  20°  C.T 

(17)  A  chimney  20  m.  tall  and  50  cm.  square  inude  is  611ed  with 
air  at  a  temperature  of  300°  C.  The  outside  air  is  at  0°  C.  and  the 
barometer  reads  67  cm.  The  top  of  the  chimney  is  covered  by  a 
board.  How  much  does  the  upn'ard  presHure  upon  thiH  board  exceed 
the  downward  pressure?  (The  case  is  like  that  of  holding  a  cork 
under  water.) 
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CALORIMETRY. 

277.  Heat  as  Energy.— As  we  by  doing  work  can  set 
bodies  in  motion,  thus  endowing  them  with  energy  {§  240), 
by  means  of  which  they  in  turn  can  do  work,  so,  it  is 
believed,  we  can  by  friction  or  blows,  or  other  purely 
mechanical  means,  set  into  more  violent  motion  among 
themselves  the  invisibly  small  particles  of  which  bodies 
are  made  up,  thus  adding  to  their  energy,  their  power  ot 
doing  work.  We  now  believe,  in  short,  that  heal  is  energjj. 
the  energy  of  individual  molecules,  as  distinguished  from 
the  energy  of  visible  bodies.  It  is  like  the  energy  of  a 
mob,  each  individual  of  which  may  be  in  motion,  thou^ 
the  crowd  as  a  whole  does  not  move,  while  the  energy  of 
visible  motion  is  like  that  of  an  army  moving  as  a  unit. 

Heat  energy,  like  any  other  energy,  can  be  measured  in 
foot-pounds.  The  experiments  of  Joule,  which  have  already 
been  alluded  to,  and  of  which  more  will  be  said  farther 
on,  showed  very  exactly  the  number  of  foot-pounds  nf 
work  which  must  be  done  in  order  to  heat  a  pound  of  water 
one  degree  by  stirring,  and  we  have  similar  information 
concerning  the  heating  of  many  other  eubstances. 


EXF^RlBtEIIT. 

Lay  one  end  of  a  rod  of  lead  or  soldi 


pound  it  briskly  with  a  hammei 
perature  produced. 


upon  some  firm  support, 

and  note  by  touch  the  rie  ^'^ 
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378.  Measure  of  Heat. — Heat  is  not  commonly  measured 
in  foot-pounda  or  other  similar  units,  the  thermal  unU 
adopted  for  convenience  being  the  amount  of  heai  required 
to  raise  the  temperature  of  a  certain  amount  of  WJoter  one 

^ee. 

The  thermal  unit  used  in  this  book  is  the  amount  of 
heat  required  to  raise  the  temperature  of  one  gram  of 
water  one  degree  C.  This  is  the  unit  most  used  by  phyai- 
It  does  not  have  exactly  the  same  magnitude  for 
all  degrees,  but  the  difference  is  small,  at  ordinary  tem- 
peratures, and  in  this  book  will  he  disregarded. 

Let  us  now  inquire  by  means  of  an  experiment  whether 
the  amount  of  heat  required  to  raise  the  temperature  of  a 
sertain  number  of  grams  of  another  substance  is  equal  to 
iiat  required  to  raise  equally  the  temperature  of  the  same 
number  of  grams  of  water, 

f  EXPERIMENT. 

r  Make  ready  100  gm.  ot  water  W  degrees  C.  colder  than  the  air  of 
Mftie  room,  and  100  gm.  of  mereiirj'  JO  degrees  C.  warmer  than  the  air 
rot  the  room.  Pour  both,  the  water  first,  into  a  thin  glass  beaker 
Iwfaieh  has  the  same  temperature  as  the  air,  stir  the  two  liquids  thor- 
IjQughly  with  a  thermometer  for  one-haU  minute,  then  note  the  tem- 
perature of  the  mixture.  Which  liquid  appears  to  have  had  the 
BEreater  influence  in  producing  the  final  temperature? 
r  Make  a  similar  experiment  with  water  wanner  and  mercury  colder 
j^haii  the  air.    Which  liquid  has  the  greater  influence  in  this  case7 

279.  Specific  Heat;  Thermal  Capacity.  —  The  ratio 
I  which  the  amount  of  heat  required  to  raise  Ike  temperature 
jjo/  a  given  weight  of  any  substance  one  degree  bears  to  the 
nint  of  heat  required  to  raise  the  temperature  of  the  same 
Zioeight  of  water  one  degree  is  called  the  Spect/ic  Heat  of  the 
f/iven  substance. 
It  is  evident  from  this  definition  that  the  specific  heat 
I  water  is  1.    It  is  evident,  too,  that  the  speei&c  ^wsot.  ^ 
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any  substance  is  equal  to  the  ntimber  of  thermal  units 
required  to  heat  one  gram  of  the  substance  one  degree. 
The  specific  heat  of  wat«r  is  greater  than  that  of  moat 
other  substances.     It  is  surpassed  by  that  of  hydrogen. 

The  amount  of  heat  required  to  raise  a  given  body,  large 
or  small,  one  degree  is  called  the  thermal  capacity,  or  "waAsa- 
equivalent '',  of  that  body.  If  the  mass  is  m  grams,  and 
if  the  specific  heat  of  the  material  of  which  the  body  con- 
sists is  called  h,  the  thermal  capacity  of  the  body  is  mh. 

280.  Calorimetry :  Measurement  of  Specific  Heats. — The 

process  of  measuring  heat,  as  distinguished  from  tempera- 
ture, is  known  as  calorimetTy* 

One  of  the  objects  of  calorimetry  is  the  determination 
of  specific  heats.  For  this  determination  several  methods 
have  been  employee!.  One  of  the  earliest  of  these  was  to 
place  a  portion  of  the  heated  substance  in  a  hole  scooped 
in  a  cake  of  ice  and  cover  it  with  a  slab  of  ice.  The  amount 
melted  from  the  ice  in  this  way,  the  quantity  of  heat 
required  to  melt  a  given  quantity  of  ice  being  known, 
served  to  determine  the  specific  heat  required.  This 
general  method  has  been  brought  to  very  great  perfection 
by  means  of  aTi  exquisite  piece  of  apparatiis  known  B3 
Bimsen's  ice-calorimeter. 

The  method  most  eommordy  used  for  the  determination 
of  specific  heats  is  called  the  method  oj  mixtures.  In  this 
method  a  known  mass  of  the  substance  to  be  tested  is 
plunged  at  a  known  temperature  into  a  known  mass  of 
some  liquid,  usually  water,  at  a  different  known  tempera- 
ture, and  the  resulting  temperature,  called  the  temperature 
of  the  mixture,  is  noted.  In  the  use  of  this  method  there 
are  various  opportunities  for  error,  even  if  the  balances 
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and  thennometeiB  are  correct  and  are  correctly  read. 
Some  of  these  will  now  be  considered: 

1st.  Any  substance  when  its  temperature  is  taken  may 
not  have  the  same  temperature  throughout.  If  the  sub- 
stance is  a  liquid,  or  a  finely  divided  solid,  it  should  bo 
thoroughly  stirred  before  its  temperature  is  taken. 

2d.  A  substance  may  gain  or  lose  considerable  heat 
while  it  is  being  poured  from  one  vessel  to  another.  Tlio 
poiuing  should  be  prompt  and  quick,  and  through  the 
shortest  practicable  air-space. 

3d.  The  substances  in  the  mixture  may  not  reach  the 
same  temperature  before  the  ''temperature  of  the  mix- 
ture" is  noted.  They  should  be  stirred  well  together, 
and  the  thermometer  should  read  the  same  whether  its 
bulb  be  near  the  bottom  or  near  the  top  of  the  mixture, 
before  the  final  temperature  is  taken. 

4th.  The  vessel  in  which  the  mixing  takes  place  will 
probably  be  heated  or  cooled  by  the  substance  or  sub- 
stances put  into  it.  Allowance  must  be  made  for  this  in 
the  calculations,  and  in  order  that  this  allowance  may  be 
small  and  readily  made  the  vessel  should  be  thin-walled, 
not  imneccssarily  large,  and,  in  general,  made  of  metal. 

5th.  Heat  may  be  lost  or  gained  by  the  mixture  to  or 
from  the  surrounding  air  and  other  bodies  before  its  tem- 
perature is  taken.  An  attempt  is  usually  made  to  keep 
this  loss  or  gain  small  by  having  the  liquid  into  which  the 
heated  substance  is  to  be  plunged  about  as  much  bcilow 
the  temperature  of  surrounding  objects  before  the  mixing 
as  it  vAW  be  above  that  temperature  at  the  end  of  the 
mixing.  As  a  further  precaution,  the  temperature  of  tlie 
mixture  should  be  taken  as  soon  as  it  can,  by  stirring, 
be  made  the  same  throughout. 


EXERCISE  43. 
SPECIFIC  HEAT  OF  SRqT. 
Apparatus:  No.  71,80  (without  the  top  or  the  mereiuy-gauge),81, 
82,  83,  89,  90.     A  piece  of  pasteboard  to  cover  the  top  ot  the  dipper 
HiJf-fill  the  boiler  with  water  and  place  a  small  flame  beDeath  it 
Adjust  the  balance  and  weigh  the  calorimeter. 
Weigh  out  in  the  calorimeter  about  500  gm.  of  shot,  pour  •  them 
into  the  copper  heating-dipper,  place  this  dipper  in  the  boiler,  tlie 
bottom  in  the  water,  and  cover  it  witii 
the  pasteboard.     See  Fig    190. 

Weigh  out  in  the  calorimeter  about  IM 
gm.  of  water,  already  cooled  to  a  tempera- 
ture 7  or  8  degrees  below  the  temperatare 

Push    the    bulb    of    the    thennonwter 

through  a  hole  in  the  pasteboard  Mvet 

down  into  the  shot,  and  no1«  the  rise  of 

temperature,  stirring  f  the  shot  frequentlj 

I  I        with  the  thermometer,     When  the  t^tn- 

I     I,      I  perature  has  finally  ceased  to  rise,  record 

1 1         it  03  t  and  withdraw  the  thermometer 

FiQ.  190.  After  the  thermometer  has  cooled  40  or 

50  degrees  in  the  air,  place  the  bulb  in  the  water  within  the  cdo- 
rinieter,  atir  tJiis  water  very  thoroughly  and  take  its  temperature 
■mth  care,  reading  to  0.1  of  a  degree.  Meanwhile  the  shot  should 
be  occasionally  stirred  with  a  pencil  or  other  convenient  inatrument 
e  the  thermometer,  take  the  dipper,  still  covered,  fromte 
■,  pour  the  shot  quickly  into  the  calorimeter,  put  in  the  tbe»- 
M  and  shot  thoroughly  until  the  tempera- 
ture is  the  same  in  the  shot  as  in  the  water  above.  Then  read  this 
temperature,  t™,  and  record  it 

The  reading  (  was  probably  not  the  true  temperature,  t»,  of  the 
heated  shot.   (See  Exercise  39.)  To  find  tiproce»l  as  follows^  Take 
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a  readfiDg;  f^  with  the  bulb  only  of  the  thermometer  In  the  boiling 
water.  Read  the  bacnneter  and  from  its  reading  calculate  (^  the 
true  temperature  of  the  boiling  water.    Then  <•—(»— (f'—O* 

It  may  be  assumed  that  the  whole  calorimeter  rises  in  temperature 
with  the  water  it  contains,  when  the  shot  are  poured  in.  The 
"thermal  capacity",  or  "water-equivalent",  of  the  calorimeter,  if  it 
is  of  brass,  may  be  found  with  sufficient  accuracy  by  multiplying 
its  weight  by  0.1,  that  being,  approximately,  the  specific  heat  of 
brass. 

281.  Record  and  Calculfttion  of  Results.-— Since  the 
heat  lost  by  the  shot  in  cooling  to  the  final  temperature 
is  gained  by  the  water  and  the  calorimeter  in  rising  to 
the  final  temperature,  it  will  be  possible  to  state  the  losses 
and  gains  in  the  form  of  an  equation: 

Let  mMF=mass  of  water; 
»!,=:*'"  shot; 

t|0= temperature  of  water  before  mixing  with  shot; 

^=  "  "  shot  in  heater; 

<,n=»  "  "  mixture; 

me  =mas8  of  calorimeter; 

fc^  =  specific  heat  of  material  of  calorimeter; 

a;  =      "  "    "  shot. 

Heat  lost  by  shot=m,Xa:X(^«  — ^m). 

Heat  gained  by  water=mM,XlX(<in— Ui  the  specific 
heat  of  water  being  1. 

Heat  gained  by  the  calorimeter=mcX /icX(^m  —  Oi  as 
this  is  supposed  to  rise  in  temperature  just  as  nmch  as 
the  water  does. 

We  now  write  the  equation, 
Loss  of  heat  by  shot = gain  of  heat  by  water  and  calorimeter ^ 
or 

WaXxX(^.-^m)=Wt«X(^m-<tc)  +  WcX/teX(^m-Q* 


From  this  we  find 

fw,„+OT,+  fe,)X(f„-0 

Exercise  43  serves  as  an  example  of  calorimetric  work. 
Other  calorimetric  experiments  will  be  found  in  the  next 
chapter  in  connection  with  a  study  of  changes  of  pbyaical 
state. 

PROBLEMS  OH  CHAPTER  XXn. 

(Soo  Appimdijt  Illtor  apBci  Be  heat  »r  iron.  gUsB,  Bto.) 

(1)  How  many  thermal  unita  -will  be  required  to  rmae  the  tem- 
perature ot  a  kilogram-weight  of  iron  from  15°  to  30°  C.7 

(2)  Equal  weights  of  water  at  0°  C.  and  oil  of  turpentine  at  50°  C. 
are  shaken  together.  The  specific  heat  of  oil  of  turpentine  being 
about  0.47,  what  ia  the  temperature  of  the  mixture? 

(3)  If  the  epecifie  heat  ot  mercury  ia  0.0333,  what  will  be  the  tem- 
perature of  100  gm.  ot  water  taken  at  0°  C,  into  which  1000  gm.  o( 
mercury  at  100°  C.  are  poured  and  thoroughly  stirred? 

(4)  Into  1 10  gm.  of  water  at  15°  C,  contained  in  a  vessel  the  ther- 
mal capacity  of  which  ia  equal  to  that  ot  10  gm.  of  water,  are  put 
200  gm.  of  0  certain  solid  at  100°  C,  and  the  resulting  temperature 
of  the  whole  is  25°  C.     Calcxilate  the  specific  heat  of  the  solid. 

(5)  From  the  following  data  find  the  temperatui*  after  mixing; 
Weight  ot  water  used 100  gm. 

"       "  mercury  used 1000   " 

Original  temperature  of  water 10°  C. 

"  "  "  merciuy 100° " 

Specific  heat  of  mercury 0.0333 

Number  ot  heat-units  absorbed  by  the  calorimeter..         80 

Ans.  31  ".SS. 

(6)  What  is  the  water-equivalent  of  a  thermometer  which  is  made 
ot  20  gm.  ot  glass  and  contains  10  gm.  ot  mercury? 

(7)  A  piece  of  tinned  iron  ia  found  to  have  a  specific  heat  of  0,09, 
What  is  the  percentage  of  iron  and  of  tin  present? 

(8)  If  the  specific  heat  of  copper  is 0.093  when  the  Centigrade  sesle 
is  used,  what  would  it  be  if  tlie  Fahrenheit  scale  were  'used?  (Ba 
tare  of  the  defiuiliou  of  epecific  heat  before  aDswering.) 
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CHANGES  OF  PHYSICAL  STATE. 

282.  Change  of  Properties  in  Solids  by  Addition  or  Sub- 
traction of  Heat. — Besides  the  expansion  discussed  in 
Chapter  XXI  as  a  very  familiar  effect  of  added  heat  on 
most  solids,  a  number  of  other  changes  are  usually  pro- 
duced. Solids  usually  have  their  rigidity  and  tenacity 
lessened  by  heating.  Iron  pillars  and  floor-beams  which 
are  amply  sufficient  to  support  the  floors  of  buildings 
become  so  much  weakened  upon  being  heated,  if  the 
building  becomes  thoroughly  on  fire,  that  they  sometimes 
yield  and  fall  sooner  than  fireproof ed  wooden  ones  (that  is, 
wooden  ones  coated  with  plaster  or  tiles)  would  have  done 
imder  the  same  circumstances.  Zinc,  which  is  not  very 
malleable  at  ordinary  temperatures,  may  be  easily  rolled 
into  thin  sheets  between  heated  rollers  at  a  temperature 
of  100°  to  150°  C,  while  at  a  temperature  of  200°  C.  it  is 
so  brittle  as  to  be  readily  powdered  in  an  iron  mortar. 
The  power  of  metals  to  conduct  electricity  undergoes  such 
diminution  with  rise  of  temperature  that  this  diminution 
is  used  as  a  means  of  estimating  very  high  temperatures. 
Sir  William  Thomson  (Lord  Kelvin)  says:  "Every  known 
property  of  a  piece  of  matter,  except  its  gravity  and 
inertia,  varies  with  variation  of  temperature."  * 

*  Article  Heat  in  Encyc.  Brit.,  9th  Edition, 
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Fusion  and  Solidification. 

283.  Fusion. — Most  of  the  solid  elements— that  is,  sub- 
stances which  consist  of  only  one  kind  of  matter — pass  at  1  ' 
more  or  less  definite  temperature  from  the  solid  to  the 
liquid  state.  So  do  many  chemical  compounds  and  mix- 
tures of  compoimds,  such  as  somnion  salt,  paraffin,  bees- 
wax.    This  change  of  state  is  called  fusion,  or  melMtig. 

A  comparatively  small  number  of  substances,  like  oxide 
of  arsenic,  iodine,  and  camphor,  may  pass  directly  and 
freely  from  the  solid  into  the  gaseous  condition;  althougli 
iodine  and  camphor  can  also  be  readily  melted  and  then 
boiled. 

284.  Melting-points. — The  temperature  at  which  a  sub- 
stance fuses,  or  melts,  is  called  the  melting-point.    Appen- 
dix III  shows  that  the  melting-points  of  many  substances 
have  been  pretty  definitely  determined- 
There  is  a  noticeable  difference  in  the  abruptness  of  the 

transition  from  solid  to  liquid  in  the  case  of  diiTerent  sub- 
stances. Ordinary  glass  becomes  plastic  at  temperatuns 
below  redness,  while  it  melts  only  at  an  orange  or  straw- 
yellow  temperature;  wrought  iron  and  mild  steel  act 
in  the  same  way;  while  cast  iron,  antimony,  and  many 
other  substances,  notably  water,  pass  abruptly  from  tie 
solid  to  the  liquid  condition, 

285.  Variations  of  the  Melting-point. — The  melting- 
point  of  a  substance  is  affected  by  the  presence  in  it  of 
impurities  and  by  change  of  pressure.  Increased  pressure 
lowers  the  melting-point  of  a  substance  which  contracts 
upon  melting,  and  raises  that  of  one  which  expands  upon 
melting  (§  2S6).  The  change  from  this  eaiise  is,  however, 
very  slight.  For  instance,  one  atmosphere  additional 
pressure  lowers  the  melting-point  of  iee  only  about  0.007^^ 
of  a  degree  Centigrade.  ^H 


The  change  of  melting-point  produced  by  change  of 
iressure,  though  shght,  may  produce  very  curious  results, 
r  a  change  to  the  extent  of  0.001  degree,  or  less,  will 
itemiine,  under  certain  conditions,  whether  freezing  or 
lelting  shall  take  place. 

EXPERIMEKT. 

by  pressing  one  hard  against 

In  this  experiment  the  pressure  is  borne  by  a  few  points 
contact,  and  ia  therefore  rather  intense  at  these  points, 
flielting  occurs,  the  points  are 
flattened  down,  making  somewhat 
larger  surfaces  of  contact;  and 
the  water  in  the  narrow  chinks 
near  these  surfaces  (see  Fig.  191), 
being  shielded  somewhat  from  the 
atmospheric  pressure  by  its  own 
concave  surface  {§  58),  is  in  a 
condition  to  freeze  even  if  its 
temperature  were  a  trifle  above 
0°  C.     Accordingly,  freezing  at  once  occurs. 

The  apparently  ftowing  movement  of  glaciers,  the  great 
masses  of  ice  in  mountain  ravines,  is  explained  by  melting 
under  great  pressure  at  the  points  of  resistance  and  freez- 
ing again  at  places  of  less  pre^ure  beyond  the  obstacles. 

BOTTOMLEY'S  EXPEBIMEKT. 
Take  a  block  of  ice  about  15  cm.  long  and  4  cm,  square,  support  it 
in  a  horizontal  position  at  the  ends,  and  suspend  from  it,  by  means 
n[  a  fine  wire  passing  over  its  middle,  a  weight  of  a  kilogram  or 
more.  Observe  the  rapidity  with  which  the  wire  passes  through 
the  ice  and  the  condition  of  the  ice  after  it  is  cut  through. 

286.  Change  of  Volume  during  Fusion  or  Solidification, 

-—Most  solids  change  their  volume  during  the  melting  or 
the  solidifying  process. 


Most  metals  and  alloys  contract  in  solidifying,  but  a  few, 
as  castiron  and  type-metal,  expand,  and  these  alone  can  be 
readily  and  successfully  cast  when  it  is  necessary  to  obian 
a  sharp,  clear  impression  of  the  mould  in  which  the  cast  u 
made.  In  casting  steel  cannon  the  melted  metal  has  Bome- 
times  been  submitted  to  the  action  of  a  powerful  hydraiiEc 
press,  which  forces  the  steel  into  every  portion  of  tiie 
mould  and  at  the  same  time  greatly  diminishes  the  aiM 
of  any  contained  air-bubbles. 

The  fact  that  ice  has  a  lower  specific  gravity  than  water, 
and  will  therefore  float,  co-operates  with  the  fact  that  tiK 
maximum  density  of  water  is  at  or  near  4°  C.  (§  270)  to 
prevent  large  bodies  of  water  in  cold  climates  from  freez- 
ing solid. 

287,  LatentHeatof  Fusion,  or  Melting;  Freezii^-mix- 
tures. — The  student  may  have  notined  that  a  melting 
body  absorbs  heat,  even  when  it  show^  no  rise  of  tempera- 
ture. A  kilogram  of  crushed  ice  and  a  kilogram  of  water 
at  0°  put  into  similar  vessels,  and  exposed  to  such  equsJ 
sources  of  heat  as  would  be  fumbhed  by  adjacent  lids  of 
an  ordinary  hot  cooking-stove  would  be  found,  at  the  end 
of  the  few  minutes  neceasary  to  melt  the  ice,  to  he  many 
degrees  apart  in  temperature,  the  water  in  the  vessel 
which  contained  ice  being  little  above  0°,  while  that  in  the 
other  vessel  would  be  hot.  The  beat  which  disappear 
in  the  melting  is  aaid  to  become  latent;  that  is,  hidden, 
and  the  phenomenon  is  not  confined  to  water,  but  occurs 
whenever  a  stJid  is  liquefied  by  true  melting. 

When  a  solid  is  liquefied  by  disaoh^ng  in  another  sub- 
stance, the  action  is  more  complicated,  and  frequently 
produces  a  rise  of  temperature.  Acids  in  which  metala 
are  being  dissolved  may  rise  from  the  temperature  of  the 
room  to  a  temp'^rature  of  100°  C.  or  over,  as  is  readily 
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showii  by  putting  strips  of  zinc  into  strong  hydrochloric 

i  On  the  other  hand,  many  cases  are  known  in  which 
Sra  solids  .or  a  solid  and  a  liquid  have  sufficient  attrac- 
^on  for  each  other  to  form  a  liquid  mixture  when  brought 
iogether,  but  which  do  not  in  uniting  furnish  sufficient 
leat  to  provide  for  the  work  of  liquefaction  without  fall 
tf  temperature.  The  result  is  a  greater  or  less  cooling, 
tot  merely  of  the  mixture  itself,  but  of  the  Gurrounding 
ibjects  as  well.  Such  combinations  of  substances  are 
heref ore  known  as  ^reezing^mixtures. 

SThe  conmionest  and  most  convenient  freezing-mixture 
ji  that  of  ice  and  common  salt  (about  two  parts  by  weight 
of  the  former  to  one  of  the  latter),  so  generally  employed 
in  ice-cream  freezing.  This  mixture  can  easily  be  made 
to  produce  a  temperature  of  —20°  C.  Fahrenheit  took 
fov  the  zero  of  his  thermometer-scale  the  lowest  tempera- 
ture which  he  obtained  by  means  of  it. 

With  a  mixture  of  properly  prepared  calcium  chloride 
and  snow  a  temperature  of  —48°  C.  can  be  reached,  and 
mercury  rapidly  solidified. 

To  illustrate  the  demand  for  heat  which  the  process  of 
liquefaction  involves,  the  following  experiments  can  be 
tried,  in  one  of  which  alcohol  is  mixed  with  liquid  water, 
while  in  the  other  it  is  mixed  with  solid  water.  (By  use 
of  an  air-thermometer  (§  274),  the  bulb  of  which  is  placed 
in  the  mixture  (see  Fig.  192),  the  changes  of  temperature 
can  be  made  visible  to  a  whole  class  at  once.  The  sensi- 
tiveness of  this  instrument  can  be  greatly  increased  by 
|e|K  of  a  water-column  instead  of  a  mercury-column.) 


EXPERIMEHTS. 

(1)  With  SO  cu.  cm.  of  water  in  a 
tliiii  bcukur^laaa  mix  about  10  cu. 
cm.  of  alcohol,  taking  both  &t  tiie 
temperature  of  the  room,  and  note 
the   resulting   change   of   tempew- 

(2)  Pour  into  a  mass  of  anow  Ot 
finely  broken  ice  enough  alcohol  to 
nioisten  it,  and  note  the  result^ 
change  of  temperature. 

The  number  of  units  of  heat  required  to  melt  the  vmA 
mass  of  a  given  substance  is  called  the  latent  heal  of  fiisim 
of  that  substance.  This  quantity  can  most  readily  be 
detennined  by  an  application  of  the  method  of  mixtures. 
It  ia  illustrated  in  the  case  of  ice  in  the  following  Exercise. 

EXERCISE  44- 
LATENT  HEAT  OF  MELTING  ICS. 

Apparatus:  Nos.  71,  80  (without  the  top),  82,  83,89.  About  ISO 
gm.  of  ice  in  large  clear  lumps.  (It  is  important  to  have  the  ice  U 
dry  as  may  be  when  it  is  put  into  the  water.  If  it  is  pounded  fine  ' 
long  before  being  used,  the  melting,  which  is  going  on  continually 
at  the  surface  of  each  small  lump  in  a  room  at  the  ordinary  tempers- 
ture,  fills  the  spaces  between  with  water,  and  serious  error  may 
result.)  Placed  in  a  caavaa  bag  (No.  91)  and  struck  smartly  against 
any  firm,  resisting  surface,  the  large  lumps  can  be  quickly  powdered 
when  the  ice  is  needed.  They  should  be  kept  in  some  convenienl 
vessel — a  saucer,  for  instance — until  this  time  comes. 

Halt-fill  the  boiler  with  water  and  place  the  flame  beneath. 
Weigh  the  calorimeter.  When  the  water  in  the  boiler  is  near 
50°  C,  pour  about  200  gm,  of  it  into  the  calorimeter  and  weigh  it 
wiUi  an  accuracy  of  0.5  gm. 

Immediately  transfer  the  lumps  of  ice  to  the  bag,  taking  care  not 
to  pour  them  in  lest  water  should  go  with  them,  and  pound  them 
fine.  Stir  the  water  in  the  calorimeter  thoroughly,  take  its  tem- 
perature, and  then  put  into  it  about  two-tliirds  of  the  ice,  avoiding 
the  wetter  portions.    The  weight  of  ice  added  need  not  be  de 
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nnined  with  accuracy  At  fint,  as  it  can  be  found  by  carefully 
Big^iizig  the  veasel  and  its  contents  after  the  hurry  is  over. 
Stir  the  water  thoroug^y,  though  not  violently,  with  the  ther- 
ometer,  and  record  Uie  temperature  as  soon  as  all  the  ice  ia 
elted.  If  so  much  ice  has  been  put  in  as  to  cool  the  water  below 
C,  it  is  well  to  dip  out  the  ice  remaining  unmelted  at  that  tem- 
srature,  taking  as  little  water  with  it  as  possible. 
Weigh  the  calorimeter  and  its  contents,  in  order  to  find  more 
actly  the  weight  ci  ice  added. 

Calculate  the  latent  heat  of  ftmon  of  ice,  that  is,  the  number  of 
^ts  of  heat  required  to  change  1  gm.  of  ice,  taken  at  0^  C,  into 
ater  at  the  same  temperature.  The  thermal  capacity  of  the 
ilorimeter  is  to  be  taken  into  account  in  this  and  the  following 
zercise,  as  in  tiie  one  preceding. 

388.  Record  and  Caloslation  of  Results.— It  must  be 
oticed  that  the  ice  hi  first  melted,  and  then  the  water 
'hich  results  from  the  melting  is  raised  to  the  final  tem- 
erature.    The  heat  gained  in  these  two  operations  must 
qual  that  lost  by  the  hot  water  and  the  calorimeter  which 
dntains  it. 
Letnic  '=mass  of  the  calorimeter; 
7W^=    "     "  water; 
wii  =    "     "  ice; 
t„ = temperature  of  hot  water ; 
tm^^  "  "  mixture; 

X  =latentheatof  ice. 
Call  the  specific  heat  of  the  brass  calorimeter  0.1. 
With  these  directions  the  student  should  be  able  to 
)nn  the  necessary  equation,  corresponding  to,  though 
ot  exactly  like,  that  of  §  281,  and  to  find  from  it  tlie 
alue  of  X,  the  quantity  which  is  to  be  determined. 

PROBLEMS. 
(1)  If  the  melting-point  of  lead  is  330**  C,  its  specific  heat  ()M\, 
nd  its  latent  heat  of  melting  5.6,  how  many  units  of  heat  ar*'.  n- 
uired  to  raise  500  gm.  of  lead  from  300®  C.  to  the  melting-|><>iijt 
nd  then  melt  it? 
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(2)  If  the  latent  heat  of  melting  in  the  case  of  ice  is  80,  what  tem- 
pprftture  will  reault  from  melting  1  lb,  of  ice  in  9  lbs.  of  water,  Ibe 
water  being  originally  at  30°  C? 

(3}  If  the  latent  heat  of  melting  of  ipe  is  80,  when  the  Centigrade 
Bcale  is  used,  what  is  it  when  the  Fahrenlieit  scale  is  used?  (Be  sure 
of  the  definition  of  latent  heat  of  melting  before  answering.) 

Vaporization  and  Condensation. 

289.  Vaporization:  Ordinaiy  Evaporation. — Some  sol- 
ida,  such  as  sugar  and  glue,  and  anme  liquids,  such  as 
olive-oil,  cannot  be  vaporized,  that  is,  converted  into 
vapor,  without  suffering  chemical  change,  by  which  tbey 
are  split  up  into  new  substances  which  cannot  be  reunited 
by  direct  means.  But  a  great  many  substances  csd, 
like  water,  exist  in  all  three  of  the  physical  states— the 
solid,  the  liquid,  and  the  gaseous. 

Vaporization,  or  evaporation,  is  not  for  any  particular 
substance  confined  to  a  particular  temperature.  Wat*i 
vaporizes  at  all  ordinary  temperatures,  even  below  its 
freezing-point.  It  is  a  fact  well  known  to  housewives 
that  wet  clothes  hung  out  in  very  cold  weather  will  "freea 
dry,"  that  is,  drj-  without  thawing;  and  it  may  be  ob- 
served that  icicles  and  patches  of  snow  and  ice  wastf 
away  even  in  severe  cold  weather,  when  no  thawing  can 

Ordinary  quiet  evaporation  occurs  only  at  the  free  sui^ 
face  of  liquids  or  solids,  and  it  can  be  greatly  hastened 
by  increasing  thb  surface.  In  a  process  of  salt-making 
formerly  a  good  deal  used,  the  brine  was  concentrated  by 
allowing  it  to  trickle  over  piles  of  brushwood,  on  the  surface 
of  which  it  spread  out  and  rapidly  dried  away.  Increase 
of  temperature,  renewing  the  air  in  contact  with  the  evapo- 
rating liquid,  and  rarefying  the  air,  all  aid  evaporation. 

290.  Boiling. — The  student  is  probably  well  aware  that 
a  liquid  disappears  more  rapidly  when  boiling  than  when 
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not  boiling.  He  has  seen,  too,  in  some  of  the  preceding 
Exercises  that  boiling,  in  the  case  of  water  at  least,  takes 
place  at  a  definite  temperature,  which  is,  however,  some- 
what affected  by  the  pressure  to  which  the  liquid  is  sub- 
jected. The  following  experiment  is  intended  to  expldn 
the  observed  facts  concerning  boiling  by  revealing  the 
nature  of  the  process.  It  shows,  too,  some  of  the  things 
that  occur  in  the  liquid  while  it  is  being  heated,  before 
it  begins  to  boil. 

EXPBRDIBIIT. 

Half  mi  a  flask  (No.  LXXI) 
with  water,  as  in  Fig.  193,  and  let 
the  glass  tube,  about  10  cm.  long, 
connected  with  the  branch  at  the 
neck,  dip  one  or  two  centimeters 
beneath  the  surface  of  cold  water 
in  a  tumbler.  The  stopper  at  the 
top  of  the  flask  should  fit  tight. 
The  tube  leading  through  this 
stopper  should  dip  two  or  three 
centimeters  beneath  the  surface 
of  the  water  and  should  be  open 
at  the  top. 

Apply  a  flame  to  the  bottom  of 
the  flask,  taking  care  not  to  let  it 
rise  higher  than  the  water,  and 
watch  what  occurs  in  the  flask  and 
in  the  tumbler  as  the  temperature 
of  the  water  rises. 

Two  kinds  of  bubbles  may  be  looked  for  in  the  vessels :  bubbles 
of  air,  which  will  not  disappear  till  they  reach  the  surface  of  the 
water  and  burst ;  bubbles  of  water  vapor,  which  may  rise  to  the 
surface  if  the  water  is  hot,  but  will  burst  and  disappear  with  con- 
siderable noise  when  they  come  into  contact  with  colder  water.  The 
upper  layers  of  water  in  the  flask  will  be  colder  than  the  lower  layers 
until  the  whole  becomes  violently  stirred  up  by  actual  boiling. 

Do  any  bubbles  rise  at  first  in  the  flask?  If  so,  do  they  appear  to 
be  air  or  to  be  vapor? 
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and  the  lowest  observable  boiling-points  has  probably  not 
yet  been  learned ;  two  very  wide  apai't  are  that  of  hyiirogen, 
about  —  253°  C,  and  that  of  zinc,  about  1000"  G. 

292.  "  Non-saturated  "   and  "  Saturated  "  Vapors.— A 

century  or  two  ago  evaporation  was  explained  as  the  absorp- 
tion of  liquid  partitles  by  the  air,  and  the  presence  of  air 
was  supposed  necessary  for  the  ptocess.*  After  a  time 
it  was  shown  that  evaporation  takes  place  mtli  especial 
rapidity  in  a  vacuum,  as  a  later  experiment  will  show, 
but  the  terms  "saturated"  and  "non-saturated,"  as  ap- 
plied to  vapors,  continue  to  be  used. 

The  present  theory  of  saturated  and  non-saturated  vapors 
may  be  illustrated  as  follows:  Let  A,  in  Fig,  195,  represent 
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a  closed  vessel  containing  a  liquid  with  a  vacuum  above  it. 
The  particles  of  the  liquid  are  in  a  state  of  invisible  motion; 
some  of  them  are  naturally  more  agitated  than  others.  The 
more  lively  particles  at  the  surface  break  loose  and  fly  off 
into  the  vacuum  above,  which  therefore  ceases  to  be  a 
vacuum  {see  B).  These  particles  are  now  vapor.  They  fly 
about,  bumping  against  each  other  and  against  the  wall  of 
the  vessel,  exerting  pressure. 

Some  of  the  flying  partieles  plunge  back  into  the  liquid, 
but  at  first  others,  more  numerous,  escape  at  the  same  time 

*  See  Whewell'a  Historj/  of  the  Indnctives  Sciertet,  vol,  11. 
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from  the  liquid.  So  the  pressure  in  the  space  above  the 
liquid  increases.  We  have  still  a  nanscUurated  vapor  there. 
After  a  time,  if  the  temperature  remains  imchanged,  the 
swarm  of  particles  above  the  liquid  becomes  so  dense 
(see  C)  that  just  as  many  go  back  into  the  liquid  per 
second  as  escape  from  it.  Now  the  vapor  no  longer  in- 
creases in  density  and  pressure.     It  is  a  saturated  vapor. 

EXPERIMENT  i. 

Arrange  apparatus  according  to  the  indications  of  Fig.  196,  where 
^  is  a  small  funnel  containing  common  ether,  and  C  is  a  pinch-cock 
closing  airtight  the  short  rubber 
tube  on  which  it  presses. 

Work  the  air-pump  until  the 
pressure-gauge  indicates  the  best 
attainable  vacuum  in  the  flask, 
and  then  cut  off  connection  with 
the  pump  by  means  of  another 
pinch-cock,  C 

After  making  sure  by  watching 
the  gauge  that  there  is  no  leakage 
of  air  into  the  flask,  open  the 
pinch-cock  C  cautiously  till  a  few 
drops  of  the  ether  descend  into 
the  flask,  then  close  it  again,  and 
look  to  see  whether  the  mercury 
level  in  the  gauge  has  changed  in  ^^^'  ^®^' 

such  a  way  as  to  indicate  any  increase  of  pressure. 

Let  in  more  ether,  a  few  drops  at  a  time,  watching  the  gauge  mean- 
while, till  half  a  teaspoonful  of  liquid  ether  appears  in  the  flask. 

Then  leave  the  apparatus  to  itself  for  an  hour  or  two,  all  joints 
tight,  and  finally  observe  how  much  the  pressure  originally  left  in 
the  flask  by  the  air-piunp  has  been  increased  by  the  evaporating 
ether.  This  total  increase  should  represent  roughly  the  pressure  of 
saturated  ether  vapor  at  the  final  temperature  of  the  room. 

The  following  experiment  will  illustrate  still  further  the 
behavior  of  a  satiu-ated  vapor: 


To  air 
pump 


ITo  meircurj 
gauge 
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Take  s  glass  tube  (So.  LXXIII)  about  80  cm.  long  and  0.8  bb 
inade,  sealed  at  one  end,  and  fill  it  with  mercury  in  the  mercury- 
well  (Xo.  LXXn"),  expelling  the  air-bubbles  from  thiBtubeasfully 

Take  out  the  memiiy  for  a  distance  of  1  cm.  at  the  open  end  of 
the  tube  and  fill  tlus  space  complet-ely  with  ether.  Close  this  end 
with  one  finger,  invert  the  tube,  and  plunge  the  end,  still  closed  by 
the  finger,  beneath  the  surface  of  the  mercury  in  the  well 

After  the  ether  has  risen  above  the  mercury,  see  whether  there  ii 
a  bubble  at  the  \'ery  top.  If  so,  it  ia  air;  but  it  the  bub- 
ble ia  small,  it  will  aiTect  the  experiment  but  little. 

Observe  that  the  ether,  being  at  the  top  of  a  mereurj- 
column  longer  than  that  of  the  barometer,  will  be  under 
very  Lttle  pressure  indeed  as  soon  as  the  finger  is 
from  the  unsealed  end  of  the  tube.  Remove  the  fingra 
and  note  what  happens  at  the  fop  of  the  tube. 

Fix  the  tube  in  position,  and  then  (see  Fig.  197)  mw*- 
ure  the  height  of  the  mercury-col unm  within  it,  above  the 
general  leveL  The  difference  between  this  and  the  Iragili 
of  the  barometer-column  will  show  roughly  the  pressure 
of  saturated  ether-vapor  at  the  temperature  *  of  the  room. 

To  see  how  a  saturated  vapor  acts  when  one  tries  to  put 
greater  pressure  upon  it,  push  the  tube  slowly  down  inM 
the  mercury  and  note  the  behavior  of  the  mercury- 
column  and  the  ether. 

Does  the  mercury-column  within  the  tube  act,  durioi 
this  lowering  of  the  tube,  as  it  would  if  the  vapor  abore  it 
were  replaced  by  air? 

What  becomes  of  the  vapor  as  the  space  occupied  by  it 
ia  gradually  lessened?     Is  it  einnpresned,  as  air  would  bet 

Fia.  197.  j^,  ^jjg  effect  of  warming  the  ether,  e,  and  the  upper 
part  ot  the  tube  by  means  of  a  cloth  wet  with  warm  water.  Tiy 
also  the  effect  of  ice-water  upon  it. 

293.  Increase  of  Volume  during  Evaporation.— One  eu. 
cm.  of  water  at  100°  would  make  about  1700  cu. 

*  As  the  first  violent  evaporation  cools  the  cthor  and  tbe  ttS'i 
Biderably.  it  is  well  to  allow  some  minutes  to  elapse  bef<wft  a» 
Uie  height  of  the  mercury-colur-  - 
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steam,  at  the  standard  barometric  pressure,  at  a  tempera- 
ture of  100°.  When  water  is  boiled  at  a  temperature 
higher  than  100°  C,  the  saturat«d  st<?ani  generated  from  it 
has  a  greater  density,  as  well  as  a  greater  pressure,  than 
saturated  steam  at  100°  C. 

Most  liquids  increase  in  volume  less  than  water  upon 
evaporating,  so  that  their  vapors  are  heavier  than  that  of 
wat«r, 

254.  Mixtures  of  Gases  and  Vapors. — ^When  vapors  and 
gases  which  have  no  especial  attraction  for  each  other  are 
mixed,  the  pressure  of  the  mixttire  is  the  sum  of  the  pres- 
sures of  its  components.  For  example,  if  a  cubic  foot  of 
oxygen  at  a  certain  pressure,  a  cubic  foot  of  nitrogen  at  a 
certain  pressure,  and  a  cubic  foot  of  aqueous  vapor  at  a  cer- 
tain pressure,  the  temperature  being  the  same  for  all,  are 
crowded  together  into  one  cubic  foot  without  change  of 
temperature,  the  resulting  pressure  will  be  equal  tfl  the 
original  pressure  of  the  oxygen  plus  that  of  the  nitrogen 
plus  that  of  the  vapor.  Each  of  the  three  constituents  is 
to  bo  regai-ded  as  exerting  still  the  same  pressure  that  it 
exerted  before  the  mixing.  This  is  called  Dalton's  law, 
from  its  discoverer.    It  is  not  perfectly  correct. 

29s.  Atmospheric  Vapor:  Dew-point.  —  Our  atmos- 
phere is  a  mixture  of  gases  and  vapors,  each  bearing  its 
part  of  the  total  pressure.  When  the  air  contains  aqueous 
vapor  in  a  nearly  saturated  condition  it  is  commonly  called 
moist  air,  although,  strictly,  aqueous  vajior  is  not  called 
moisture.  The  proportion  of  such  vapor  in  the  atmosphere 
near  us  can  be  ascertained  by  exposing  a  measured  portion 
of  air  to  the  action  of  a  weighed  amount  of  some  substance, 
calcium  chloride,  for  example,  which  will  absorb  the  water- 
vapor  from  the  air,  and  then  calculating  the  amount  of 
this  vapor  from  the  increase  in  weight  o£  the  abs^ixtiiiiii 
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substance.  A  more  rapid  process  consists  in  the  use  of 
some  sort  of  kpffromcter*  one  of  the  commonest  of  which 
is  the  dew-point  hygrometer  (see  Exercise  45).  Dnu-poi'i! 
is  the  name  given  to  the  temperature  at  which  the  water- 
vapor  in  the  air,  when  cooiec!,  begins  to  turn  into  liquid. 

This  temperature  is  higher  the  greater  the  amount  of 
vapor  in  the  air,  and  it  differs  greatly  from  time  to  time. 
If  the  room  in  which  the  following  Exercise  is  performed  is 
not  very  large,  it  will  be  interesting  to  compare  the  dew- 
point  found  after  several  boilera  have  been  in  operation  for 
a  considerable  time  with  that  found  before  boiling  begins. 

Observations  of  the  dew-point  are  continually  made  \sj 
those  whose  business  it  is  to  foretell  the  weather. 


DETERMINATION  OF  THE  DEW-POINT. 

Apparatus:   Noa.  S2  and  89.     Ice,  or  snow,  and  salt. 

Pour  a  little  water  at  tLe  ordinary  temperature  into  the  pup,  and 
into  this  put  the  bulb  ot  the  thermometer.  Gradually  cool  this 
water  by  small  addltionH  of  iee-water  or  ice,  and  finally  of  salt  iF 
necessary,  watching  the  outside  of  the  lower  part  of  the  cup  ftft«r 
each  addition,  and  continually  Btirring  its  contents.  As  soon  aa  b 
mist  begins  to  form  on  the  bright  surface  near  the  bottom  of  the 
veBsel,  note  the  temperature,  and  cease  adding  ice. 

It  is  likely  that  the  temperature  thus  observed  will  be  a  little  lower 
than  necessary,  alittlcbelow  the  true  dew-point.  Therefore  revem 
the  process,  making  small  additions  of  water,  talceti  at  the  room 
temperature,  until  the  mist  Wgins  to  disappear.  Then  take  tie 
temperature  again.  This  will  probably  be  a  little  higher  than  the 
dew-point. 

It  is  well  to  repeat  the  experiment.  After  one  or  two  trials,  the 
temperature  found  going  down  and  that  found  coming  up  the  scale 
should  be  pretty  close  together — not  more  than  one  or  two  degrees 
apart.     The  mean  of  the  two  may  then  be  taken  as  the  dew-poiul 

The  experimenter  must  avoid  breathing  upon  the  outside  of  the 
vessel  or  holding  any  damp  object  near  it,  while  looking  for  the  mial 
to  form, 

*  Greek  tifp^i,  moist 


t  a.  thick  layer  of  moisture  forms  upon  the  vossel  before  the 
?rsB  proceaa  is  begun,  it  should  be  wiped  off.     A  thin  layer  can 
be  put  on,  when  it  is  desired,  by  s.  mere  breath. 


2g6.  Condeasationof  the  So-called  Permaiient  Gases, — 

■  In  the  preceding  Exercise  nil  the  gases  near  the  metal  cup 

;  are  cooled.  The  oxygen,  the  nitrogen,  and  the  carbon 
dioxide,  as  well  as  the  water-vapor,  in  every  part  of  the 
neighboring  air  shrink  in  cooling  under  the  steady  pressure 
of  the  atmosphere.  The  water-vapor  alone  succumbs  to 
these  depressing  influences  and  turns  into  liquid,  but  we 
know  that  still  further  applications  of  cold  and  pressure 
would  at  last  condense  the  most  elastic  and  perfect  gases. 

The  English  chemist  and  physicist  Faraday  was  perhaps 
the  firet  experimenter  who  aucceeded  in  liquefying  any.  of 
the  gases  which  are  permanent  at  ordinary  temperatures. 
He  was  able  by  the  joint  use  of  cold  and  pressure  to  liquefy 
chlorine,  and  he  afterwards 
managed  by  these  means  to 
reduce  many  gases  to  the 
liquid  state.  His  method  is 
indicated  in  Fig.  198.  A 
strong  closed  glass  tube  con- 

,  tains  in  one  end  a  solid  or 

.  liquid  -which  gives  off  at  a 
high  pressure,  when  heated,  the  gas  that  is  to  be  condensed. 
The  other  end  of  the  tube  is  surrounded  by  a  freezing-mix- 
ture, and  in  this  end  condensation  occurs. 

Six  gasra,  however — oxygen,  nitrogen,  hydrogen,  marsh- 
gas,  nitrogen  dioxide,  and  carbon  monoxide — had  not  been 
liquefied  up  to  the  year  1877-     In  that  year  a  Genevese 

'  physicist,  M.  Kctet,  and  a  French  one,  M.  Cailletet, 


<NQ£k-      ^^ 


ing  independently  and  by  somewhat  difterent  methods,  suc- 
ceeded in  liquefying  all  of  these  gases. 

Liquid  air  is  now  obtained  by  the  process  of  "regenera- 
tive cooling,"  which  may  be  described  generally  as  tolloft*s: 
Air  at  a  rather  low  temperature  is  allowed  to  escape  througb 
a  valve  from  a  verj-  high  pressure.  Cooled,  but  not  lique- 
fied, by  its  expansion  (see  g  302),  this  air  passes  off  throu^ 
a  channel  surrounding  the  tube  containing  the  still  unex- 
panded  air,  which  is  thus  cooled  somewhat,  and  is  then 
compressed  and  sent  through  the  expansion  space  agan, 
cooling  this  space  still  further.  A  repetition  of  this  procea 
finally  cools  the  inner  part  of  the  apparatus  so  much  that 
a  part  of  the  air  within  it  is  liquefied  at  a  temperature  not 
far  from  —  190  C°.  The  heat  taken  from  the  apparatus 
and  the  cooling  air  is  carried  off  by  running  water. 

To  retard  its  absorption  of  heat  from  surrounding  bodies 
liquid  air  is  kept  in  double-walled,  silvered  glass  vessels 
having  a  vacuum  between  the  walls.  Evaporation  of  the 
liquid  air  into  the  out«r  air  must  be  permitted,  lest  the 
temperature  rise  and  the  pressure  of  the  vapor  becomfi 
dangerousl>'  great. 

297.  Distillation. — A  most  important  practical  applica- 
tion of  the  diversity  of  substances  in  regard  to  their  boiling- 
points  is  found  in  the  operation  of  distilling.  In  many 
cases  a  volatile  liquid  may  be  separated  from  less  volatile 
solids  or  liquids  with  which  it  is  mixed  or  combined  by 
heating  tJie  mixture  to  boiling  and  cooling  the  escaping 
vapor  until  it  condenses. 

EXPERIMENT. 

Color  some  hot  water  decidedly  blue  by  stirring  into  it  some  pow- 
dered sulphuli!  of  copper.  Half  fill  a  Rla,=a  flask  with  this  solution, 
close  tlie  Lop,  as  in  Fig.  199,  and  connect  with  the  ffl.de  lube  in  the 
neck  a  small  glaas  lube  about  80  em.  lung.     Garry  this  glasa  tube 
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through  the  stoppered  sheet- iron  tube  (No.  85)  and  pass  a  current 
of  cold  water  through  the  latter. 

Now  boil  the  solution  in  the  flask  violently  and  catch  in  a  beaker 
the  water  that  condenses  in  the  glass  tube.'    Does  the  color  of  this 


i 


^\\ 


Fig.  199. 

water  show  that  any  of  the  sulphate  of  copper  has  passed  over  vath 
the  steam? 

If  a  liquid  is  found  to  change,  as  crude  petroleum  does, 
its  boiling-point  upon  long  heating,  it  is  highly  probable 
that  it  consists  of  a  mixture  of  substances  of  various  boiling- 
points.  These  substances  can  be  separated  and  collected 
by  slowly  distilling  the  mixture,  with  a  thermometer  in  the 
path  of  the  escaping  vapor,  and  changing  the  receiving- 
vessel  every  time  a  rise  in  the  thermometer  is  noted.  . 

Sometimes  two  or  more  vapors  distil  over  together,  but 
in  proportions  different  from  those  in  the  original  mixture, 
and  many  successive  distillations  may  be  needed  to  make 
the  separation  complete. 

298.  Cooling  by  Evaporation :  Latent  Heat  of  Vapori- 
zation.— ^The  absorption  of  heat  by  a  boiling  li<\uid  kaa 


already  been  alluded  to  in  explanation  of  the  fact  that 
liquids  cease  to  rise  in  temperature  when  they  l>egLn  to 
boil.  A  like  absorption  of  heat  occurs  in  the  process  uf 
quiet  surface  evaporation  and  if  heat  is  not  continually 
supplied  in  sufficient  quantity  to  an  evaporating  liquid, 
the  liquid  itself  and  any  object  in  contact  with  it  is  cooled. 

The  fact  probably  is  that  the  more  at-tive  particles  brsak 
loose  first  from  the  liquid,  leaving  behind  thera  a  lower 
average  of  molecular  activity,  a  lower  temperature. 

Many  important  and  curious  effects  are  produced  by  this 
method  of  cooling. 


FUce  a  watr.h-glasa  or  (better)  a  thin,  stnall,  shallow  metallic 
vessel  oil  a  drop  of  water  on  a  lai^  cork,  as  in  Fig.  200.  T5I1  the 
\  easel  a  httle  more  than  half  full  of 
carbon  disulphide,  which  h  an  ex- 
tremely volatile  liquid;  blow  on  the 
surface  of  the  latter  with  common  hand 
Fio.  200.  '^'  Uows  or  with  the  breath,  and  see  if 

the  drop  of  water  beneath  the  walth- 
glaas  can  be  made  to  freeze  by  the  rapid  evaporation  of  the  liquid* 

Every  one  has  noticed  how  much  more  the  hands  feel 
the  out-of-door  cold,  especially  on  a  windy  day,  when  they 
are  wet.f  The  sensation  of  cold  is  still  stronger  when  they 
are  wet  with  alcohol,  which  evaporates  more  readily  than 
water.  In  the  heat  of  summer  the  evaporation  of  perspi- 
ration from  the  skin  tends  to  keep  the  body  cool.  When  the 
air  contains  a  great  deal  of  water  vapor,  when  it  is,  in  com- 
mon speech,  moist,  this  evaporation  from  the  skin  takes 
place  but  slowly,  and  we  miss  the  cooling  effect.     Weather 

•  Tliis  experiment  should  be  performed  where  there  is  a  god 
draft  ot  air  and  away  from  light  or  flame  of  any  kind.  The  odor 
of  carbon  disulphide  is  peculiarly  disagreeable;  its  vapor  is  highly 
intlaniinable,  and  it  is  poisonous  to  breathe. 

f  Sailors  find  the  direction  of  a  light  wind  by  holding  up  a  net 
Bnger  and  noting  upou  wtucb  side  the  cool  sensatioa  is  strongeitt 
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which  is  both  hot  and  moist  is  therefore  peculiarly  oppres- 
sive. 

It  has  already  been  stated  that  evaporation  takes  place 
i  with  especial  rapidity  in  a  vacuum. 
Advantage  is  taken  of  this  fact  in 
the  following  experiment.  In  the 
glass  bulbs  and  the  connecting 
tube  (see  Fig.  201)  there  is  no  air, 
but  water  or  water-vapor.  When 
one  of  the  bulbs  is  cooled  by  the 
freezing-mixture,  much  of  the 
vapor  within  it  is  condensed,  and 
this  gives  room  for  more,  which  is 
rapidly  formed  at  the  surface  of 
the  water  in  the  other  bulb.  The  apparatus  (No.  LXXVI) 
is  called  a  cryophonts* 

EXPERIMENT  2. 

Get  all  of  the  water  into  the  upper  bulb  of  the  eryophorus,  wrap 
this  bulb  with  cotton  wool,  plaee  the  othiT  built  in  a  good  freczinK- 
mixture,  then  leave  the  whole  apparatus  to  itaeU  for  eeveral  minutei. 
When  tlie  covering  is  removed  from  tlie  upper  bulb  the  water  within 
it  will  probably  be  found  frozen  at  the  surface. 

The  absorption  of  heat  by  evaporation  of  water  at  the 
earth's  surface  or  in  clouds,  and  the  giving  up  of  heat  in 
the  reverse  process  of  gathering  dew  or  forming  mista,  can- 
not but  have  important  atmospheric  effects,  which  it  is  the 
duty  of  science  to  trace  out  and  make  useful  in  weather 
I     predictions  and  possibly  in  other  ways. 

In  numerical  t«mis,  the  latent  heat  of  vaporiztUion  of  s 
liquid  is  the  number  of  heat-units  (§  278)  required  to  evap- 
orate unit-mass  of  the  liquid  without  change  of  temperature. 
This  quantity  is  different  at  different  temperatures. 

In  the  following  Exercise  we  shall  undertake  to  find  the 


*  Greek:  carrier  of  cold. 
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amount  of  heat  required  to  evaporate  ohe  gram  of  water  at 
100^  C.y  or  as  near  that  temperature  as  the  atmospheric 
pressure  prevailing  at  the  time  may  permit  the  boiling-point 
to  be.  The  actual  process  employed,  however,  in  this  Exer- 
cise is  to  condense  the  vapor  at  this  temperature  and  find 
the  amount  of  heat  given  out  in  this  operation,  which  is 
the  reverse  of  evaporation  by  boiling. 


Tap€iimd 


TOntRCTSR  46w 
LATENT  HEAT  OF  VAPORIZATION. 
Apparatus:  Nos.  71,  80,  82,  83,  89,  and  92.    Snow  or  ice. 

Fill  the  boiler  to  a  depth  of  about  5  cm.  with  water,  screw  on  the 
top,  close  the  two  apertures  at  the  top,  place  a  Bunsen  flame  be- 
neath, and  attach  the  ^ax 
"trap,"  T,  to  the  ade  tube,  as 
in  Ilg.  202.  To  prevent  the 
trap  from  filMng  with  water  from 
condensation  before  use,  turn  it 
upward  and  fasten  it  with  a  bit 
2*  of  wire  alongside  the  top  of  the 
boiler. 

Weigh  the  calorimeter,  and 
then  weigh  in  it  with  much  care 
about  300  gm.  of  water  some 
fifteen  degrees  below  the  tem- 
perature of  the  room.  See  that 
the  outside  of  the  calorimeter  is  as  dry  as  may  be  before  the  weigh- 
ing, but  after  the  weighing  do  not  wipe  it. 

When  there  is  a  strong  flow  of  steam  through  the  trap,  stir  the 
cold  water  thoroughly,  take  and  record  its  temperature,  then  dip 
the  escape-tube  of  the  trap  about  2  cm.  beneath  its  surface.  The 
\'igorous  flow  of  steam  through  the  trap  should  continue,  and  be 
shown  by  a  noisy  and  incessant  collapse  of  bubbles  in  contact  with 
the  cold  water. 

Stir  the  water  from  top  to  bottom  with  the  thermometer  as  the 
temperature  rises,  and  when  it  is  about  30  degrees  warmer  than  it 
was  at  the  start,  pull  the  mouth  of  the  trap  quickly  away  from  the 
calorimeter,  hang  the  trap  wp  «o  \>\i'8A>  \Xi<&  ^Xfti^Tci  itooL  it  shall  not 
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i.play  on  the  table-top,  stir  the  water  quickly  and  thoroughly,  take 
Its  temperature,  and  then  weigh  it  carefully  without  losa  of  time 
The  increa'*  ot  weight  since  the  previous  weighmg  will,  if  all  haa 
(one  well,  show  the  weight  of  steam  condensed. 
[  From  the  data  thus  obtained  the  latent  heal  of  vaporiialion.  which 
■fU  equal  to  the  amount  of  hetkt  given  out  iu  the  condensation  (not 
I  Including  the  subsequent  cooling]  of  1  gm.  oF  steam,  is  to  be  cal- 
'-  culaKd. 

(The  great  difhculty  of  this  Exercise — and  it  is  a  serious  difficulty 
— is  to  find  accurately  the  weight  of  Ht«am  condensed.  This  weight 
[a  not  large,  and  an  error  of  1  gm.  affects  the  result  greatly. 

If  the  trap  is  not  used,  a  considerable  amount  of  wafer  trickles  into 
the  calorimeter,  condensation  having  occurred  in  the  tube  When 
■the  trap  is  used,  a  much  more  serloua  difficulty  may  be  caused  by 
an  occasional  sudden  collapse  of  the  steam  in  the  trap,  making  a 
'momentary  partial  vacuum  there,  into  which  water  rushes  from  the 
.'calorimeter.  This  accident  is  likely  to  occur  if  the  mouth  of.  the 
trap  is  plunged  too  far  beneath  tbe  surface  of  the  water,  and  it  is 
probably  due  to  the  cooling  of  the  trap  itself.  It  may  be  prevented 
by  the  use  of  a  short  rubber  tube  added  to  the  exit  tube  ot  the  trap. 
Evaporation  from  the  calorimeter  may  cause  perceptible  error  if 
the  condensation  and  subsequent  weighing  take  a  long  time. 

The  thermometer,  if  removed  several  times  from  the  calorimeter, 
'  ■»rill  have  carried  off  enough  water  to  affect  the  result. 

Water  may  spatter  from  the  calorimeter  during  the  condensation, 
f[  the  vessel  is  too  full  or  the  tube  dips  too  short  a  distance  beneath 
the  surface, 

299.  Record  and  Calculation  of  Results. — 

Let  7«c=masa  of  calorimeter; 
I  m  =    "     "  cold  water; 

*  m,  =    "     "  ateam; 

',  t„  =temperatureof  cold  water; 

!  C  =*  '■  "  mixture; 

a:=latent  heat  of  steam. 

Call  t,,  the  temperature  of  the  steam,  100  C. 

Call  the  specific  heat  of  the  calorimeter  0.1. 

Notice  that  there  are  two  portions  of  heat  ■5\el4ed  \.q  'Oaft 
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amount  of  heat  required  to  evaporate  one  gram  of  water  at^ 
100°  C,  or  as  near  that  temperature  as  the  atmospheric 
pressure  prevailing  at  the  time  may  permit  the  boiling-pomt 
to  be.  The  actual  process  employed,  however,  in  this  Exer- 
cise is  to  condense  the  vapor  at  this  temperature  and  find 
the  amount  of  heat  given  out  in  this  operation,  which  is 
the  reverse  of  evaporation  by  boiling. 


EXERCISE  4S.  ^H 

LATENT  HEAT  OF  VAPORIZATION.  ^H 

Airparalus:  Nob.  71,  80,  82,  83,  89,  and  92.  Snow  or  tee. 
Fill  tte  boiler  to  a,  depth  of  about  5  cm.  with  water,  aerew  on  the 
the  top,  place  a  Bunsen  flame  be- 
neath, and  attach  the  gla^ 
"trap,"  T,  to  the  ride  tube,  a 
in  Fig.  202,  To  prevent  the 
trap  from  filling  with  water  from 
condenBation  before  use,  turn  it 
upward  and  fasten  it  with  a  bit 
of  wire  alongside  the  top  of  the 

Weigh  the  calorimeter,  and 
then  weigh  in  it  with  much  care 
about  300  gm,  of  water  some 
fifteen  degrees  below  the  tem- 
perature of  the  room.  See  that 
the  outdde  of  the  calorimeter  Ls  as  dry  as  may  be  before  the  weigh- 
ing, but  after  the  weighing  do  not  wipe  it. 

When  there  m  a  strong  flow  of  steam  through  the  trap,  stir  the 
cold  water  thorougiily,  take  and  record  its  temperature,  then  dip 
the  escape-tube  of  the  trap  about  2  cm.  beneath  its  surface.  The 
vigorous  flow  of  steam  through  the  trap  sho\ild  continue,  and  be 
shown  by  a  noisy  and  incessant  collapse  of  bubbles  in  contact  with 
the  cold  water. 

Stir  the  water  from  top  to  bottom  with  the  thermometer  as  the 
temperature  rises,  and  when  it  is  about  30  degrees  wanner  than  it 
was  at  the  start,  pull  the  mouth  of  the  trap  quickly  away  from  the 
caloiimeter,  hang  the  trap  up  so  that  the  steam  from  it  shail  not 


Coal  is  bumed  in  the  fire-box  G  (see  Fig.  203).  The 
heated  air  and  the  hot  gases  given  out  by  the  combustion 
pass  from  front  to  back  under  the  body  of  the  boiler  and 
from  back  to  front  through  tubes,  between  and  above 
which  lie  the  water,  the  upper  surface  of  which  ia  at  W. 
/>  is  a  damper  to  control  the  draft. 

The  steam  passing  out  through  the  main  pipe,  or  main, 
M,  goes  to  the  radiating  tubes  P,  where  it  is  gradually  con- 
densed by  loss  of  heat  to  the  air.  The  water  thus  formed 
in  the  tubes  drains  into  the  return  pipe  R,  where  it 
accumulates  until  it«  weight,  assisted  by  the  steam-pressure 
upon  its  upper  surface,  forces  open  the  "  check-valve".  C, 
leading  back  to  the  boiler. 

If  the  inlet-cock  /  is  open  and  the  outlet-cock  0  is  shut, 
the  tubes  P  gradually  fill  up  with 
water,  which  af  isr  a  time  cools,  and 
the  apparatua  becomes  useless  for 
the  time.  If  the  cock  0  is  open 
while  /  is  shut,  the  water  from  the 
return  pipe  R  may  back  up  into  the 
radiating  tubes.  y^^  ^^  — Boilkr-  end 

The  accumulation  of  cold  water  in        .    '"^'J'-  """"■ 
these  tubes  is  troublesome.     When  w-wRter-Kauee: 
both  cocks  are  opened  and  the  steam 
begins  to  flow  after  such  an  accumulation,  it  has  to  drive 
this  water  out,  and  in  this  operation  many  sudden  conden- 
sationa  occur,  like  those  observed  in  Exercise  46,  but  far 
louder  and  more  violent. 

Both  cocks  should  bo  shut,  therefore,  when  the  tubes  are 
not  in  use.  Most  of  the  steam  then  left  in  them  is  soon 
condensed,  leaving  a  partial  vacuum,  into  which  air  is  pretty 
sure  to  find  its  way  after  a  time.  When  steam  is  to  be 
readmitted  this  air  must  be  driven  out,  Accordingly,  the 
vent  a  and  the  cock  I  are  opened,  0  remaining  closed, 


I 


,  until  ^k 


ateara  begins  to  flow  from  a.    Then  a  is  closed  and  0  ta  1 
opened. 

QITESTIOVS  AND  PROBLEHS. 

(1)  How  many  thermal  units  are  required  barely  to  welt  500 gm. 
of  tin,  Htarting  with  the  tin  ttt  IS"?  Atis.   12,900,  nearly. 

(2)  How  much  ice  at  0°  C.  will  be  meltedby  pouring  into  a  hola in 
the  interior  of  the  cake  50  gm.  of  melted  tin  at  230*?  {Call  Iho 
latent  heat  of  melting  of  ice  SCO  Ans.   16  65+gni. 

(3)  Let  an  open  glass  vessel  contain  cold  water.  Let  a  flame  be 
applied  to  the  bottom  of  the  vessel  until  the  water  boils.  Desrribe 
and  explain  the  phenomena  Been  in  the  water  during  the  healltig 
process  and  the  boiling. 

(4)  Describe,  with  a  diagram,  the  construction  and  action  of  the 
device  used  in  the  experiments  on  boiling  to  prevent  the  cold  water 
in  the  outer  vessel  from  rising  into  the  boiler  after  heating  of  the 
latter  has  ceased. 

(5)  Melted  tin  at  230°  C.  is  poured  into  water  at  lOO"  until  100 
gm.  of  water  have  been  converted  into  steam.  How  much  tin  was 
used?    (Call  the  latent  heat  of  vaporiaatioa  of  watei  =  637,) 

(6)  The  latent  heat  of  vaporization  of  oil  of  turpentine  fa  70.  Its 
boiling-point  is  160°  C.  Assuming  its  specific  heat  to  be  0  46  as 
long  as  it  remains  a  liquid,  how  many  thermal  units  will  be  lequimd 
to  heat  to  the  boiling-point  and  then  vaporize  10  gm.  of  this  oil, 
starting  at  0°? 

(7)  If  20  lbs.  of  steam  at  100°  C.  flow  into  500  Ibn.  of  water  taken 
at  20°  C,  contained  in  a  vessel  of  copper,  sp.  ht.  0,093,  weighing  100 
lbs.,  what  is  the  resulting  temperature? 

(8)  If  the  specific  heat  of  air  is  0.237,  and  the  latent  heat  of  evapo- 
ration of  water  at  20°  C.  is  592,  how  many  kgms.  of  air  would  be 
heated  10  Centigrade  degrees  by  the  condensation  of  1  kgm.  of  wa'.«r 
vapor  at  that  temperature? 

(9)  It  the  latent  heat  of  evapwration  of  water,  boiling  under  at- 
mospheric pressure,  is  536.6  when  the  Centigrade  scale  is  used,  what 
would  it  be  if  the  Fahrenheit  scale  were  used?  ~ 


CHAPTER  XXIV. 

TRANSFORMATION  OF  HEAT. 

301.  Mechanical  Equivalent  of  Heat. — ^The  first  precise 
measurements  of  the  amount  of  work  necessary  to  produce 
a  given  amount  of  heat  were  made  by  Joule,  an  English  phys- 
icist, about  1845.  His  experiments  were  varied  in  several 
ways,  but  one  method  which  he  used  was  to  cause  a  known 
weight  W  (Fig,  205),  falling  through  a  known  distance, 


to  turn  paddles  inside  a  vessel,  V,  containing  a  weighed 
quantity  of  water  at  a  known  temperature.  The  friction 
of  the  paddles  raised  the  temperature  of  the  water,  and 
from  the  data  obtained  in  this  experiment  the  value  of 
a  thermal  unit  in  foot-pounds  could  be  calculated.  Accord- 
ing to  Joule's  observations,  772  ft.-lbs.  would  raise  a  pound 
of  water  1°  Fahr. ;  that  is  to  say,  a  pound  of  water  falling 
772  ft.  would  be  raised  1°  Fahr.,  if  all  the  energy  of  its  fall 
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could  be  turned  into  heat  and  all  the  heat  could  be  kept  in 
the  water.  To  raise  a  pound  of  water  1°  C,  about  1390 
ft.-lbs.,  according  to  Joule's  experimenta,  were  required. 

Later  experiments  by  Professor  Rowland  of  Baltimore 
showed  that  the  quantities  778  and  1400  are  more  neariy 
correct  than  772  and  1390.  Using  the  C.G.S.  system 
(5  218),  we  find,  acconiing  to  Rowland's  experiments, 
that  the  mechanical  equivalent  of  1  gm.-deg.  (Centigrade) 
is  about  42,690  gm.-cm. 

A  striking  example  of  the  transformation  of  mechanical 
energy  into  heat  is  found  in  the  following  experiment,  whicli  ^ 
requires  a  good  piece  of  apparatus,  good  tinder,  and  c 
siderable  physical  vigor, 

EXPERIUEHT  i. 
Igcite  tinder  by  heat  generated  by  sudden  coniprcBsion  of  a 
a  "fire-syringe"  (No.  LXXVII). 

As  mechanical  work  can  produce  heat,  bo  heat  can,  on  ' 
the  other  hand,  be  used  up  in  doing  mechanical  work.    For 
instance,  an  expanding  gas  pushing  something  forward,  and 
so  doing  work  as  it  expands,  become  cooled  by  this  act. 

EXPERIMKMT  i, 
le  bulb  of  the  "differential  thermometer"  (No.  L 
t)l,  and  then  place  the  whole  ii 

0J' — V      under  the  bell-jar  of  a  lai^c  air-pump. 
L J         Exhaust  the  wr  rapidly,  and  watch 
^  r        the  thermometer  for  evidence  that  thB_ 
unprotected  bulb  is  cooled.      (The  B 
laining  in  the  bell-jar  does  work  I 
expelling  that  which  goes  o 

After  a  time  let  the  air  re-enter  tl 
bell-jar  rapidly,  and   see  whether  t^ 
unprotected    bulb   gives    evid^ice  ^ 
heating. 
It  is  easier  to  turn  other  forms  of  energy  into  1: 
to  make  the  opposite  transformation  {see  §  305),  but  exj 
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ment  shows  that  one  thermal  unit  wholly  turned  into  work 
■will  yield  just  ao  many  foot-pounds  as  in  the  reverse  process 
■would  give  one  unit  of  heat.  This  is  an  illustration  of  the 
conservation  of  energy  {%  244). 

302.  How  a  Gas  is  Cooled  in  Expansion  and  is  Heated 

in  Compression, — The  behavior  of  gases  is  best  explained 

(§  2-19)  by  supposing  them  to  consist  of  very  small  elastic 

particles  of  matter  which  are  flying  about  in  very  rapid 

motion  in  all  directions,  frequently  bmnping  agtunst  each 

other  and  against  the  walls  of  the  vessel  that  contains  them, 

but  rebounding  in  a  very  active  manner.    The  tendency  of 

a  gas  to  expand,  shown  in  the  pressure  which  it  exerts  upon 

the  walls  of  the  containing  vessel,  is  due  to  this  activity  of 

I  its  particles.    The  energy  of  these  motions  is  the  heat- 

'  energy  of  the  gas.     To  increase  the  velocity  of  the  particles 

8s  a  whole  is  to  raise  the  temperature  of  the  gas,  and  vice 

'  versa. 

When  the  gas  is  expanding,  some  part  of  the  containing 
wall  must  be  moving  outward  while  the  air-particles  strike 
it.  When  it  is  being  compressed,  some  part  of  the  wall 
must  be  moving  inward  while  particles  strike  it.  Why  does 
the  gaB  become  cooled  in  one  case  and  heated  in  the  other 
case?  The  following  experiment  may  throw  some  light  on 
the  matter. 

EXPKRIBIBBT. 

Suspend  an  ivory  ball  by  means  of  a  string  several  feet  long.  Hold 
in  the  hands  a  flat  weight  o(  two  or  three  pounds.  Give  the  ball  a 
alight  push,  and  on  its  return  through  the  lowest  point  of  its  path 
let  it  strike  the  weight  held  at  rest.  Swing  the  boll  again,  and  on 
its  return  let  it  at  the  same  place  strike  the  receding  weiglit.  Re- 
peat, letting  the  ball  strike  the  approaching  weight.  In  each  case 
note  the  effect  of  the  collision  upon  the  velocity  of  the  ball,  as  indi- 
cated by  the  distance  it  swings  after  the  collision. 

When,  during  the  collision,  the  weight  recedes  before 
ball,  the  latter  does  work  upon  it  and  loses  ener^ 
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When,  during  the  collision,  the  weight  keeps  moving  for- 
ward, pushing  the  ball  back,  the  weight  does  work  upon 
the  ball  and  the  latter  gains  energy. 

303.  Heat-engines.— In  all  heat-engines,  whether  they 
are  ordinary  steam-engines,  hot-air  engines,  gas-engines,  or 
other  forms,  we  have  mechanical  work  done  at  the  ejqjeiiBe 
of  heat,  the  working  substance,  whatever  it  may  he,  using 
up  heat  as  it  expands,  because  it  is  doing  work.  The 
steam-engi[ie  is  discussed  at  some  length  in  Chapter  XXV. 

304.  The  Sun  Our  Main  Source  of  Energy. — Nearly  all 
our  available  sources  of  energy  on  the  earth's  surface  are 
due  to  the  energy  of  the  sun.  Wood  is  produced  by  the 
growth  of  trees,  which  growth  is  maintained  by  aolar  light 
and  heat.  Coal  and  petroleum  are  stored-up  results  of  the 
aolar  activity  of  past  geological  ages.  All  animals  depend 
tor  their  food  either  directly  or  indirectly  upon  vegetable 
substances ,  and  therefore  upon  solar  energy.  Finally,  since 
natural  streams  depend  upon  the  evaporation  of  water  and 
its  subsequent  fall  in  the  shape  of  rain  or  snow,  and  sinte 
winds  are  due  mainly  to  the  unequal  heating  of  different 
portions  of  the  atmosphere,  water-power  and  the  motive 
power  of  ^vindmills  must  be  referred  to  the  sun  as  thar 
source. 

The  amount  of  heat  which  the  earth  receives  from  the 
sun  in  a  day  is  enormous,  and  when  we  reflect  that  the 
earth,  viewed  from  the  sun,  would  look  no  larger  than  the 
planets  appear  to  us,  it  is  plain  that  we  receive  only  a  very 
minute  part  of  the  sun's  radiation.  How  can  the  sun  con- 
tinue to  give  out  this  great  flow  of  energy  year  after  yeU 
and  century  after  century  without  cooling? 

Much  ingenuity  has  been  spent  in  attempting  to  answer 
this  question,  and  the  following  theories,  with  perhaps 
many  others,  have  been  proposed: 
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The  Combitstion  Theory. — This  assumes  that  the  surface 
of  the  sun  is  a  great  furnace  in  which  coal,  hydrogen,  etc., 
are  burning,  as  these  substances  burn  upon  the  earth,*  it 
being  known  (see  %  320)  that  the  materials  of  the  sun's  sur 

'   face  are  the  same  as  those  found  on  the  earth.    This  theory 

I  must  be  rejected  because,  if  it  were  true,  the  sun's  diame- 
ter would  be  diminishing  rapidly,  and  no  diminution  is 
■observed. 

The  Meteoric  Theory.^ln  the  space  between  the  planets 
there  is  considerable  soUd  material  in  pieces  too  small  to  be 

'  seen  at  any  great  distance.  Such  pieces,  called  meteorites, 
■frequently  plunge  into  our  atmosphere,  and,  becoming 
heated  by  friction  with  the  air,  glow  and  bum  as  the 
fEuniliar  objects  which  we  call  "shooting  stars." 

I  Even  if  there  were  no  friction,  these  bodies,  falling  from 
enormous  heights  under  the  influence  of  gravity,  and  strik- 

I  Ing  the  earth's  surface  with  very  great  velocity,  might  be 
.made  very  hot  by  the  shock.  The  sun's  mass  being  vastly 
greater  than  that  of  the  earth,  meteorites  approach  its  sur- 
face under  a  much  greater  attraction,  and  strike  it  with  a 
correspondingly  greater  generation  of  heat.  In  this  way 
Bome  have  imagined  the  heat  of  the  sun  to  be  maintained. 

It  is  now  seen  that  a  shower  of  meteorites  sufficiently 
dense  to  produce  this  effect  would,  if  not  counteracted  by 
some  other  agency,  increase  the  diameter  of  the  sun  at  a 
rate  so  rapid  that  the  change  would  soon  be  visible.  There- 
fore a  meteoric  bombardment,  although  it  no  doubt  is 
mfuntiuned  and  may  be  of  considerable  importance,  is  not 
the  only,  and  is  probably  not  the  main,  source  of  the  sun's 
heat. 

The  Contraction  Theory. — If  the  fall  of  meteorites  under 

the  sun's  attraction  may  do  much,  the  falling  in  of  the  sun 

*  One  gram  of  pure  carbon  burning  with  oxygen  yiclda  about 

8000  thermal  units;  und  one  gram  of  hydrogen,  burning  in  the  same 

fmy,  about  34,500  thermal  units. 
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Upon  itself  under  the  mutual  attraction  of  its  parts  may  do 
still  more.  It  is  estimated  that  a  rate  of  contraction  suffi- 
cient to  maintain  the  present  outflow  of  energy  from  the 
sun  would  diminish  its  size  so  gradually  that  centuriea 
would  elapse  before  the  change  could  be  made  out  by 
astronomers. 

Accordingly,  the  contraction  theory  ia  now  accepted  as 
accoimting  for  the  greater  part  of  the  sun's  radiation. 
This  theoTy  came  from  Helmholtz. 

305.  Tendency  of  Other  Forms  of  Energy  to  Become 
Heat.— Whenever  the  transformations  of  any  given  por- 
tion of  energy  are  traced  aa  far  as  possible  it  will  be  found 
that  they  tend  to  take  the  form  of  heat.  The  flight  of  a 
cannon-ball,  the  music  of  an  orchestra,  the  white  light  of 
an  electric  arc-lamp,  the  muscular  enei^  of  a  race-horse, 
all  end  in  slightly  warming  the  air  and  surroimding  objects. 
It  may  be  said  that  heat  is  the  lowest  form  of  enei^. 
Other  forms  turn  into  it  as  naturally  as  all  material  struc- 
ttires  turn  into  dust. 

On  the  other  hand,  the  transformation  of  heat  into  work 
is  attended  with  considerable  difficulties.  While  savages 
know  how  to  produce  heat  and  even  fire  by  the  expendi- 
ture of  work,  only  civilized  peoples  know  how  to  use  heat 
in  engines  for  the  perfonnance  of  work.  The  best  steam- 
engines  yet  invented  can  turn  into  work  only  about  one- 
hfth  of  the  heat  yielded  by  the  coal  they  bum.  The 
remainder  is,  of  course,  not  destroyed.  It  remains  as  heat, 
but  in  such  a  condition  that  it  cannot  be  utilized, 

306.  "Availability  "  of  Heat  Energy:  "Efficiency  "of 
Heat-engines. — Heat  alone  is  not  enough  for  the  working 
of  a  heat-eiigine.  Difference  of  temperature  between 
bodies  is  necessary. 

For  example,  if  we  have  air  confined  in  a  cylinder  fitted 
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rith  a  piaton,  heat  duly  applied  to  tlie  cylinder  may 
expand,  thus  pushing  forward  the  piston 
and  douig  work;  but  presently  the  piston  must  come  back 
and  start  anew,  if  this  engine  is  to  continue  its  work,  and 
■during  this  return  it  must  push  against  the  air  which  a 
moment  before  was  pushing  it  forward.  IE  we  can  take 
away  heat  from  the  cylinder,  by  bringing  it  into  contact 
vith  some  coM  body,  we  can  reduce  the  "back  pressure" 
of  the  air,  so  that  the  work  required  to  compress  it  will  be 
less  than  the  work  done  by  its  expansion,  and  therefore  at 
lie  end  of  the  back  stroke  we  shall  have  gotten  a  certain 
advantage  from  the  use  of  the  engine.  But  if  there  is  no 
Way  of  cooling  the  air,  if  all  bodies  about  it  are  at  the  same 
temperature,  all  the  work  gained  from  the  forward  stroke 
18  lost  in  the  back  stroke,  and  the  engine  will  be  of  no  use. 

The  philosophy  of  the  steam-engine,  and  of  most  other 
forros  of  apparatus  which  do  work  at  the  expense  of  heat, 
ia  less  simple  than  that  of  the  air-engine  here  imagined; 
but  the  same  general  restriction,  holds  for  all  of  them.  If 
J",  is  the  "absolute"  temperature  (§  275}  of  the  hottest 
part  of  the  apparatus  and  T^  the  absolute  temperature 
of  the  coldest  part,  no  engine  can  turn  into  work  a  greater 

fraction  than  ~p — ■  of  the  heat  which  it  takes  m.     No 

proof  of  this  law  is  here  attempted. 
I      The  ratio, 

I  work  done  by  an  engine 

I      mechanical  equivalent  of  the  heat  taken  in  by  the  engijie 

\  is  called  the  efficiency  of   the   engine.     The  law  stat^ 
I  in  the  preceding  paragraph  declares  that  no  heat-e' 
no  contrivance  depending  on  heat  for  doing  wty 
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Efficiency  can  evidently  be  made  large  by  making  Tj 
large  or  by  making  T^  small.  Practically,  for  ordinary 
purposes;  7,  cannot  well  be  less  than  the  temperature  of 
the  earth,  air  or  water  about  us.  In  the  steam-engine  Tj 
is  sometimes  made  about  480  (about  207^  G.)^  though  it  is 
usually  much  lower.  Certain  other  forms  of  heat-engine, 
which  bum  gas  or  oil  inside  the  cylinder,  have  a  much 
higher  7^  and,  accordingly,  a  higher  efficiency  than  any 
steam-engine. 
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-Fig.  207 
s  many  of  the  jmncipal 
1  of  a  simple  steaiD-«i- 
Hie  steam  from  tht 
r  passes  through  A  into 
dmm-di  st  S.  The  didc- 
,  r,  is  moving  backward 
ard  the  bottom  of  the 
),  and  the  steam  is  just 
ming  to  pass  by  it  from 
Bteam-chest  through  the 
)w  channel  called  a  port 
the  cylinder,  where  it  will 

the  piston,  P,  backward 
nward  in  the  figure)  to 
ither  end  of  the  cylinder. 
1  that  part  of  the  cylinder 
is  behind  (below)  P, 
a,  which  has  already  done 
ork  in  pushing  P  forward 
a  present  position,  is  be- 
ing to  escape  under  the 
-valve  into  the  exhaust- 
at  E. 

the  piston  P  moves  back 
forth  it  carries  the  piston- 

p,  which  is  Jointed  to 
•.onnecHng^rod,  c,  and  thus 
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makes  the  crank,  C,  revolve.  With  this  crank  the  maSn 
shaft  revolves,  carrying  the  eccentric,  e,  and  the  pulley,  g, 
from  which  a  belt,  not  here  shown,  runs  to  the  governor 
(Fig.  209).  Upon  the  main  shaft  is  fixed  also  the  jbi- 
wheel,  F,  which  steadies  the  motion  of  the  other  parts  and 


Fia.  208. 

often  serves,  too,  as  a  driving-pulley,  communicating  power 

by  means  of  a  belt  from  the  engine  to  the  machinerj-  driven 

by  it. 
A  different  view    of  the   piston-rod,    connecting-rod, 

crank,  and  fly-wheel,  ia  given  in  Fig.  20S. 
The  governor  of  an  engine  is  a  device  for  controlling  the 

admission  of  steam  to  the  cylinder  in  accordance  with  the 
magnitude  of  the  load,  so  that  the 
speed  may  be  nearly  imiform  although 
the  load  may  vary.  It  is  usually  some 
revolving  contrivance,  varying  in  speed 
with  the  main  shaft  of  the  engine,  which 
spreads  out,  under  centrifugal  action, 
ttith  increasing  speed,  and  in  spreading 
reduces  the  size  of  the  passage  by  which 
steam  is  admitted  to  the  valve-chest,  or 

otmtrols  the  valves  in  such  a  way  that  "cutoS" 
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earlier  in  the  stroke.  See  I-'ig.  209,  where  p  iw  a  pulley 
made  to  revolve  by  a  belt,  not  shown,  leading  fnnii  ii  pulley. 
like  g  in  Fig.  207,  on  the  main  shaft.  The  revolution  of  p 
causes  the  revolution  of  the  balls  b  and  b,  anil  the  outwani 
motion  of  these  balls  is  accompanied  by  a  ddwnward  motion 
of  the  rod  r,  which  leads  to  a  valve  controlling  the  inlet  of 
steam  fo  the  steam-chest. 

308.  Action  and  Ectmomy  of  the  Steam. — ^Tlke  pre»- 
Bure  of  the  steam  eecapmg  from  the  cylinder,  against  ttte 
piston  that  is  driving  it  out  (see  Fig.  207),  is  called  badt 
pressure.  It  is  evid^itly  a  resifitance  to  the  action  of  the 
en^e,  and  tiie  smaller  it  can  be  made  the  better  the 
action  is. 

If  the  escape  is  into  the  open  air,  tlie  back  pressure  must 
be  greater  than  the  atmospheric  pressure.  By  connecting 
the  exhaust-pipe  with  a  chamber,  called  a  condenter  (not 
shown),  from  which  the  air  is  excluded  and  which  is  kept 
cool  by  means  of  running  water,  the  steam  which  has  passed 
through  the  pipe  is  rapidly  condensed.  This  action  main- 
tfuns  in  the  condenser  a  more  or  less  perfect  vacuum,  into 
which  the  cylinder  discharges  with  great  freedom,  reducing 
the  back  pressure  far  below  the  pressure  of  the  atmosphere. 

If  steam  were  freely  admitted  to  either  end  of  the  cylin- 
der during  the  whole  of  the  stroke  which  begins  at  that  end. 
the  termination  of  each  stroke  would  find  the  cylinder  filled 
with  steam  under  a  pressure  nearly  as  great  as  that  of  the 
boiler,  and  this  steam,  passing  off  into  the  condenser, 
would  be  wasted. 

This  high-pressure  steam  should  not  be  thrown  away. 
It  should  be  made  to  expand  and  give  up  a  considerable 
part  of  its  heat-energy  in  doing  useful  work  befoie  it  is 
released.  Accordingly,  the  valves  of  most  engines  are  so 
contrived  that  the  admission  of  steam  to  the  cylinder  is 


stopped,  or  cut  off,  before  the  end,  and  usually  before  the 
middle,  of  the  stroke,  after  which  the  steam  already  ad- 
mitted "works  expansively."  falling  in  pressure  and  tem- 
perature till  the  stroke  ia  ended.  By  this  device  more  work 
is  accomplished  by  a  given  weight  of  steam  used. 

It  is  evident  that  the  driving  power  upon  the  piston  of 
an  engine  using  steam  expansively  is  irregular,  varying 
during  each  stroke.  The  fly-wheel  is  intended  to  prevent 
the  irregularity  of  movement  which  this  might  cause. 

309.  Compound  Engines. — Some  engines  take  steam 
from  the  boiler  at  a  pressure  as  great  as  250  lbs.  per  square 
inch,  and  before  sending  it  to  the  condenser  allow  it  to 
expand  in  work  till  its  pressure  is  only  3  or  4  lbs.  per  square 
inch.  This  expansion  takes  place  not  all  in  one  cylinder, 
but  in  two  or  more,  the  steam  entering  one  after  another. 
Engines  having  such  an  arrangement  are  called  compound 
engines. 

310.  Locomotive  "  Link,"— There  are  many  devices  for 
varying  the  time  at  which  cut  off  (§  30Sj  shall  occur  in  the 
admission  of  steam  to  the  cylinder.  Some  of  these  make 
use  of  two  or  more  valves  having  rather  complicaled  rela- 
tions to  each  other.  The  slide-valve  of  the  ordinary  loco- 
motive is  very  simple,  not  so  very  differentfrom  that  shown 
in  Fig.  207,  but  an  ingenious  device  called  a  "  link-motion," 
indicated  by  Fig.  210,  ^ves  the  engineer  the  power  of  con- 
trolling at  will  the  distance  the  slide-valve  shall  move  at 
each  stroke,  and  thus  admitting  steam  for  a  greater  or  less 
part  of  the  stroke  according  to  need. 

The  rod  V,  in  Fig.  210,  which  works  the  slide-valve  (not 
shown),  is  so  controlled  that  it  can  move  only  back  and 
forth  in  the  direction  of  its  own  length.  A  stud  at  the  end 
of  V  connects  with  the  slot  in  the  link  LL'.  The  point  L 
13  connected  by  means  of  the  rod  r  wjth  the  eccentric  E, 
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the  point  U  by  the  rod  f  wtrai  r:^.  *«»-i**"j»  h'  '. 
eccentrics  are  disks  fixed  ri^.a  *ju^  r.aui  ^na.'"  o>.r.  ir^n 
centred  with  it.  The  cea^r*  ;c  -^ai-n.  *-?«ir.rj»  M^r^^f^  .r* 
revolves  in  a  small  cirde  ar".»ini:  'ju^  utj*  j  iv  4^14^- 
Each  eccentric  turns  in  a  *!rQar  Trnu-n  •r.nv.pgr'jt  r  r  r.i  ^i^t 
rod  r  or  r',  and  these  two  r-.«:«  vj*r»f.  r»  r.r«>  '.itt»v  ttv: 
forth  a  short  distance  at  ^v<«»rx  r*^  vuirj  .n  /  v.i*  ^-j*;' 

If,  as  we  win  suppose,  ^he  ♦nar"  jt  •*".*••  r.jf  v.'u-'>^- 
clockwise,  the  rod  r  aoii  rjut  y.vcir  L  tr*.  lu."  r.gr  .  .^v  ».• :  .-^ 
left,  while  the  rod  K  ami  "Jift  y.in-*  -1  i;**  v.r/-  ::yr  ..'ri.'^. 
the  ri^t.    When  the  fcati  in  *.j«  *sui   i  '»    m.  -.-^t-^^f 
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between  iandL'.  jst  In  /!jtr.  1'..     ..<•  •  >:   >   */./:    ..i- 
at  the  other  «iii  -.t  .r,  .la-*  li.   ^./  »  /.».       ...  f,.;<..  . 

mitted  to  the  ^,v:inii#»r      J.'     .i.'*-- -     .  i-    .;*.../:.<•  , 

pulled  far  to 'he  >!•-  /--    v  i.^:  •  #•  -/.ii.    ..     .<-    -. 
and  this  rod  ar.»i  "n**    -i/*    *'■.•:;/:    .-^ii.'-      <•    ./.'■ 
motion  of  'he  r-.r:   '^    ww,     ..i.    .r-.-;.- ■  ■  #'   /:'      ..    . 
pushed  far  %%  'Jift  .•:«:''.*.     ,.    '.•../;    «.,•,'•  /ti--.     ../• 
Y,  and  the  ery^imtr-n  ,c   v.'^.ii   '.••..•  ■    ../•.    ..<.'  i.*. 
valve. 

The  Enk-ciot;ii;n  !»  /.pn  -./  •  i----  ■  <.  :<•••/•-•  ..•• 
ting  stean  inrliitf  i  irij:."  »•  .1  r-....  ,it.-  .»  ..i» 
It  is  also  a  lie^^y*  :V,r  ii 'x.\ v. .  ...tj^  r- r»^i . .   ..>:■•  i'Vi*.:'  *::* : 
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cylinder  at  will  during  almost  any  instant  of  the  stroke. 
It  therefore  enables  the  engineer  to  reverse  his  engine, 
sending  it  forward  or  backward,  as  he  pleases. 

311.  History  of  the  Steam-engine. — Certain  devices  for 
doing  work  on  a  small  scale  by  means  of  steam  were  de- 
scribed by  Hero  of  Alexandria,  who  lived  about  a  century 
before  the  birth  of  Christ.  One  of  these,  the  principle  of 
which  is  shown  in  Fig.  211,  was  used  by  priests  to  work  an 


Fig.  211. 

apparent  miracle.  The  two  vessels,  one  containing  water, 
the  other  wine,  were  concealed  from  the  populace.  A  fire, 
represented  by  the  lamp,  was  built  upon  the  altar  of  some 
god.  Steam,  generated  in  the  imseen  boiler,  pressed  upon 
the  surface  of  the  wine  in  the  second  vessel  and  forced  it 
through  a  tube  contained  in  the  hand  of  the  god. 

In  eighteen  centuries  little  progress  was  made.  In  1698 
Captain  Thomas  Savery  obtained  a  patent  for  a  mechanism 
to  do  work  '^by  the  impellent  force  of  fire,"  which,  though 
on  a  larger  scale,  was  very  much  like  the  engine,  if  we  may 
call  it  such,  of  the  Egyptian  priests.  Savery's  engine 
(Fig.  212)  was  for  pumping  water  by  direct  pressure  of  the 
steam  upon  its  surface,  but  his  device  for  getting  the  water 
into  the  vessel  where  steam-pressure  could  act  upon  it 
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showed  an  advance  over  the  practice  of  the  priests.  He 
connected  the  vessel,  P,  or  P„  by  means  of  a  tube  with  & 
water-tank  at  a  lower  level,  filled  the  vessel  with  steam 
from  a  boiler  A,  closed  it,  and  condensed  the  steam  within  it 
by  pouring  cold  water  upon  the  outside.  Into  the  vacuum 
thus  formed  water  from  the  tank 
was  forced  by  the  atmospheric 
pressure  through  the  valve  R^ 
or  fl,,  which  could  open  up- 
ward only.  Then  steam  from 
the  boiler  was  again  admitted 
and  the  water  was  driven  up 
through  5. 

Before  many  years  the  vessels 
which  Savery  had  filled  with 
steam  and  water  alternately 
Were  replaced  by  a  steam  eijlin- 
der  with  a  solid  piston,  by  means 
of  which  a  pump-piston  was  , 
made  to  work  in  another  cylin- 
der, which  received  and  dis- 
charged the  water.  Steam  Fiq.  212* 
which  had  done  its  work  under 

the  first  piston  was  still  gotten  rid  of  by  pouring  cold  water 
upon  the  outside  of  the  cylinder.  But  one  day  by  accident 
some  of  the  water  leaked  into  the  cylinder,  and  the  engine 
was  found  to  work  much  better  than  before.  Presently 
it  became  the  regular  practice  to  inject  water  into  the 
cylinder,  as  in  Fig.  213,  where  a  boy  is  employed  in  operar- 
tang  the  water-  and  steam-cocks. 

In  1775,  when  steam-engines  were  nearly  in  the  stage  of 
development  represented  by  Fig.  214,  which  is  a  picture  of 
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*  From  Bourne's  SUam-migiM, 


Fro,  214.t 

*  ^om  Galloway's  Steam-engine,  f  f 
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Smeaton'a  engine,  James  Watt,  inEtniment-maker  to  the 
University  of  Glasgow,  was  employed  to  repair  one.  He 
saw  the  great  possibilities  of  steam-power,  and  devoted  the 
remainder  of  his  life  to  the  construction  and  improvement 
of  the  steam-engine.  '  The  enonnous  advances  which  he 
made  are  to  be  seen  by  comparing  his  own  perfected  engine 
(about  1800),  shown  in  Fig.  215,  with  the  rude  contrivance 
(Fig.  214)  which  preceded. 

Watt  fotmd  the  steam-engine  an  instrument  of  local  and 


special  use,  pumping  water  from  mines.    He  made  it  one  of 
the  great  factors  of  civilized  life. 


*From  Bourne^ 


CHAPTER  XXVI. 

RADIANT  ENERGY. 

312.  The  Ltiminif erous  Ether. — ^That  medium  (see  §§113 
and  256)  by  which  light  is  transmitted  through  what  we 
commonly  called  a  vacuum  is  named  by  physicists  the  hmi- 
niferous  (light-bearing)  ether.    This  medium  is  a  good  deal 
of  a  mystery.    We  have  overwhelming  proof  that  it  trans- 
mits energy  by  means  of  a  wave-motion.    It  must,  there- 
fore, have  inertia,  like  ordinary  matter,  but  it  is  not,  so  far 
as  we  know,  subject  to  gravitation  like  ordinary  matter. 
Its  wave-motion  is  much  like  that  of  an  elastic  solidj  yet  it 
does  not,  so  far  as  we  have  discovered,  impede  the  heavenly 
bodies  in  their  motion  through  it.    These  various  proper- 
ties, positive  and  negative,  do  not  harmonize  very  readily, 
and  we  have  still  much  to  learn  about  the  ether. 

All  ether-waves  are  called  radiant  waves,  or  waves  of 
radiant  energy. 

313.  Nature  and  Length  of  Radiant  Waves. — It  is  now 

well  known  that  radiant  waves  are  electrical  and  magnetic 
oscillations  in  the  ether.  We  do  not  believe  that  the  sun 
sends  electricity  to  us,  but  we  do  believe  that  the  heat- 
vibrations  of  the  sun^s  particles  disturb  the  electricity  of 
the  ether,  and  that  this  disturbance  is  transmitted  to  us 
somewhat  as  a  shock  at  one  point  of  the  earth  sends  a  quiver 
to  another  point. 

The  length  of  radiant  waves,  the  distance  from  the  centre 
of  one  wave  to  the  centre  of  the  next  (C  to  C^  in  Fig.  216) 
is  known  to  range  from  a  few  ten-thousandths  of  a  milli- 
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meter  to  several  meters.  The  shortest  waves  known  to  us 
are  revealed  by  their  photographic  or  fluorescent  effects; 
those  a  trifle  longer  ^ve  us  directly  the  sensation  of  light, 


Fig.  216. 

enabling  us  to  see  things;  the  longest  waves  are  at  present 
best  showD,  by  their  electrical  or  magnetic  effects. 

All  of  these  waves  produce  heat  when  they  fall  upon 
bodies  incapable  of  reflecting  or  transmitting  them  as  waves. 

One  surface  may  give  off  many  different  kinds  (lengths) 
of  vibrations  at  the  same  time.  It  may  be  said  that,  in 
general,  the  proportion  of  short  waves  given  off  increases  as 
the  temperature  of  the  radiating  surface  rises. 

314.  Radiating  Power. — Different  surfaces  at  the  same 
temperature  do  not  radiate  equally  well.  The  best  ra- 
diating surface  known,  for  all 
temperatures,  is  the  lustreless 
black  of  soot,  called  lamp- 
black ;  though  some  other  dull 
surfaces,  that  of  white  lead, 
for  instance,  may  radiate 
equally  well  at  low  tempera- 
tures such  as  that  of  boiling 
water.  Polished  metal  sur- 
faces are  bad  radiators. 

EXPERIMENT. 
Fill  the  cubical  box  (No. 
*LXXIX)  with  hot  water  and 
place  it  some  centimeters  distant 
from  one  face  of  the  thermopile 
(No.  LXXX),  the  wires  from 
which  are  connected  with  the  reflecting  galvanometer  (No.  LXXXI) 
in  a  somewhat  darkened  room.     See  Fig.  217. 
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Present,  at  the  same  distance,  the  four  vertical  sides  of  the  box 
in  turn  to  the  thermopile,  and  thus  compare  roughly  the  radiating 
power  of  their  surfaces. 

315.  Absorbing  Power. — ^The  absorbing  power  of  a  sub- 
stance is  its  power  to  take  in  radiant  energy  which  falls 
upon  its  surface  and  turn  it  into  heat.  Absorbing  power 
and  radiating  power  go  together;  that  is,  any  surface  at  a 
given  temperature  absorbs  particularly  well  the  kind 
(length)  of  vibrations  which  are  most  freely  given  off  from 
it  at  the  same  temperature. 

We  have  seen  in  the  experiment  of  §  014  that  a  dull 
white  surface  may  radiate  nearly  as  well  ac  a  lampblack 
surface  when  both  are  at  the  same  low  temperature.  The 
white  surface  would  not  radiate  as  well  as  the  black  at  high 
temperatures,  and  the  following  experiment  shows  that 
white  absorbs  less  readily  than  black  the  radiations  from  a 
very  hot  body,  the  sun. 

EXPERnCENT. 

Take  a  lens  4  or  5  cm.  in  diameter,  and  let  the  bright  sunlight  pass 
through  it  and  fall  upon  a  piece  of  white  paper.  Find  by  experiment 
at  what  distance  from  the  lens  the  paper  must  be  held  in  order  that 
it  may  become  charred  x^ry  slightly  without  being  consumed.  Then 
blacken  a  spot  upon  the  pap>er  by  rubbing  it  with  a  lead-pencil,  and 
again  present  it  to  the  lens,  letting  the  Ught  fall  upon  the  blackened 
sp>ot,  the  dist^mce  being  the  same  as  before.  Is  the  paper  now  oon- 
simied? 

316.  Reflection  of  Radiant  Energy. — ^The  student  is 
already  familiar  with  the  reflection  of  the  light;  that  is,  of 
radiations  giving  the  sensation  of  light.  The  following  ex- 
periment shows  that  other  radiations,  the  so-called  obscure 
radiations  coming  from  a  body  that  is  not  hot  enough  to  be 
linninous,  are  reflected  in  the  same  way: 
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EXPERIMEIIT. 

Place  a  candle  (see  Hg.  218)  in  front  of  a  spherical  metal  mirror 
(No.  LXXXIV)  in  such  a  position  that  the  image  of  the  candle  will 
fall  upon  one  face  of  a  thermopile  connected  with  a  reflecting  gal- 
vanometer. When  the  apparatus  is  in  place,  blow  out  the  candle- 
flame,  allow  the  effect  produced  upon  the  galvanometer  by  the  can- 
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die  to  disappear,  and  then  put  exactly  in  the  place  of  the  flame  a 
metal  ball  (No.  LXIII)  somewhat  hotter  than  boiling  water.  Note 
the  effect  upon  the  galvanometer.  Move  the  ball  a  little  to  one  side 
of  its  present  position  and  again  note  the  effect. 

317.  Exchange  of  Radiations. — ^The  rate  at  which  one 
body  loses  heat  to  another  by  radiation  depends  upon  the 
difference  in  temperature  of  the  two  bodies.  If  the  two  are 
at  the  same  temperature,  there  is  an  interchange  of  radia- 
tion between  the  two;  but  it  is  an  equal  interchange, 
neither,  on  the  whole,  gaining  at  the  expense  of  the  other. 
If  the  two  are  at  different  temperatures,  the  hotter  loses  to 
the  cooler,  and  loses  more  and  more  rapidly  if  the  difference 
in  temperature  is  increased.  When  the  difference  in  tem- 
perature is  not  large,  the  rate  of  loss  from  the  warmer  body 
to  the  other  is  nearly  proportional  to  this  difference;  but 
when  the  difference  of  temperature  rises  to  bx^xvii^^a  ^x 
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thousands  of  degrees,  the  rate  of  loss  by  radiation  ii 
much  more  rapidly  than  the  difference  of  temperature. 

Attempts  have  been  made  to  estimate  the  temperature  of 
the  Sim  by  finding  the  rate  at  which  we  receive  radiant 
energy  from  it,  and  calculating,  by  means  of  the  law  of 
radiation,  how  hot  the  sun  should  be  to  radiate  to  ua  as 
it  does.  But  the  law  of  radiation  and  the  nature  of  the 
sun's  surface  are  so  uncertain  that  estimates  so  made  have 
varied  enormously.  It  now  seems  likely  that  if  the  sun's 
surface  were  of  lampblack,  or  something  radiating  equally 
well,  its  temperature  would  have  to  be  in  the  neighborhood 
of  10,000°  C,  to  enable  it  to  radiate  as  freely  as  it  now  does. 
The  highest  temperature  obtained  in  furnaces  operated  by 
men  is  probably  between  2000°  and  3000°  C. 

318.  Characteristic  Radiations:  "  Spectra  "  of  Different 
Substances. — When  a  substance  is  in  the  gaseous  condi- 
tion, so  that  its  particles  are  free  to  vibrate  in  their  own 
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peculiar  way,  it  gives  off  radiations  or  a  combination  of 
radiations  different  from  those  of  other  substances. 

When,  therrfore,  the  light  from  any  self-luminous,  or 
incandescent,  gas  is  allowed  to  pass  through  a  prism  (§  156), 
under  proper  conditions,  it  forms  beyond  the  prism  a  spec- 
trum (§  157),  which  is  different  from  the  spectrum  of  the 
sun. 

The  spectrum  of  any  ga,s  appears  upon  a  acre« 
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}  185)  as  one  or  more  bright  lines  parallel  to  the  edges  of 
the  prism.  In  some  gas-spectra  there  are  scores  or  hun- 
dreds of  sueh  lines.  The  upper  part  of  Fig.  219  shows  a  few 
of  the  lines  in  the  spectrum  of  iron-vapor. 

When  a  gas  is  very  much  compressed,  its  spectrum  shows 
more  lines.  The  explanation  probably  is  that  the  more  fre- 
quent collisions  which  its  particles  now  suffer  keep  these 
particles  vibrating  in  certain  ways  which  would  not  be 
Limiuntained  if  the  particles  were  less  disturbed. 

I  EXPERIMEHT. 

Suspend  a  stick  b}-  a  long  siring  tied  to  one  end.     Strike  the 

stick  amartly  at  the  lower  end.  Obseire  that  the  quiver  of  the  sUck 
I  dies  out  long  before  the  pendulum  motion,  both  of  which  are  set  up 

by  the  blow, 

Wben  compression  goes  so  far  that  condensation  occurs, 
giving  either  a  liquid  or  a  solid,  the  bright  lines  of  the 
spectrum  become  so  numerous  that  they  meet  each  other, 
making  a  continuous  band  of  light  from  one  end  of  the 
!  pectrum  to  the  other.  All  incandescent  liquids  or  solids 
give  such  continuous  spectra. 

319.  Absorption-spectra.— Every  substance  absorbs  es- 
pecially well  the  same  kinds  (wave-lengths)  of  radiation,  as 
those  given  out  especially  well  by  itself.*  Accordingly,  if 
the  light  from  an  incandescent  solid  or  liquid  shines 
through  a  vapor  which  is  not  incandescent,  the  spectrum  of 
the  light  that  has  passed  through  the  vapi>r  is  not  perfectly 
continuous,  but  shows  certain  comparatively  dark  lines. 
These  lines  correspond  in  position  in  the  spectrum  to  the 
bright  lines  which  the  vapor  in  question  would  give  if  it 
were  incandescent.  A  spectrum  showing  such  dark  lines  ia 
called  an  afcaxrpfion-speetrum.     It  is  just  as  good  a  witness 
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to  the  presence  of  the  vapor  as  the  bright-line  spectrum  of 
that  vapor  would  be. 

Absorption-spectra  can  be  obtained  with  incandesceni 
gases,  if  the  light  shining  through  them  from  behind  is 
powerful  enough  so  that  the  vapors  get  more  than  they  ^e 
of  their  peculiar  radiation. 

320.  Spectrum  Analysis. — ^The  spectrum,  bright-line  or 
absorption,  of  the  vapor  of  a  substance  is  often  made  use  of 
to  detect  the  presence  of  this  substance  in  cases  where 
chemical  tests  or  other  ph3rsical  tests  would  be  powerless. 
Certain  of  the  chemical  elements  have  actuaUy  been  made 
known  to  man  for  the  first  time  by  means  of  their  spectra, 
appearing  under  such  conditions  that  substances  aheady 
known  could  not  accoimt  for  them.  The  examination  of  a 
substance  by  means  of  the  spectrum  of  its  vapor,  so  as  to 
find  out  what  it  is  made  of,  is  called  spectrum  analysis. 

Spectrum  analj'sis  finds  magnificent  application  in  the 
study  of  the  sun  and  the  stars.  The  spectnun  of  the  sun, 
examined  under  proper  conditions,  is  found  to  be  cros  ed 
by  a  vast  number  of  dark  lines.  These  lines,  which  are 
called  Fraimhofer's  lines,  because  Fraimhofer  studied  and 
described  many  of  them  very  carefully,  are  now  known  to 
be  absorption-spectra.  They  indicate  the  presence  of  cer- 
tain vapors  in  the  atmosphere  of  the  sim,  which  is  cooler 
than  the  inner  part  that  radiates  through  it.  Among  these 
absorption-spectra  many  are  recognized  as  corresponding  to 
the  bright-line  spectra  of  substances  on  the  earth.  The 
lower  part  of  Fig.  219  shows  some  of  the  absorption-lines 
of  iron  in  the  sun's  spectnmi. 

On  such  evidence  as  this  we  are  persuaded  that  the  sun 
and  the  stars  are  made  up  of  just  such  elements  as  those 
which  make  our  earth. 
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QUESTIORS  AKD  PROBLEMS  IH  HEAT. 

(1)  Make  a  list  of  all  the  coniiiion  substanccB  that  you  know 
cau  readily  be  made  to  appear  under  all  three  states,  the  solid,  the 
fiquid,  and  the  gaseous. 

(2)  Wlmt  contlusion  can  be  drawn  from  the  fact  that  the  inside 
|of  the  upper  part  of  a  bottle  partly  filled  with  sohd  gum-eamphor 
.»oon  becomes  covered  with  a  crystalline  deposit?  (Sclid  iodine  acts 
la  the  same  way.) 

(3}  Explain  the  difference  between  thermal  capacity  and  specific 
,lieat. 
,       (4)  The  climate  of  islands  is  mora  equable  than  that  of  the  inte- 

xioTB  of  continen'A     Elxplain  how  this  naturally  follows  from  the 

physical  properties  of  water. 

(5)  What  is  the  error  of  the  boiling-point  in  a  tliermometer  that 
in  freely  escaping  steam,  with  the  barometer  at  77.8  cm.,  reads 

(6)  Rewrite  the  formula  for  calculating  the  specific  heat  of  lead, 
on  the  Buppo^tion  that  the  shot  was  cooled  to  0°  and  put  into 
water  at  25°. 

(7)  Suppose  that  you  liad  performed  Exercise  43  Pxactly  as  you 
did,  save  for  the  substitution  of  oil  of  turpentine,  sp.  hL  0.46,  for 
tlte  water  actually  used.     Find  the  final  temperature. 

(8)  From  an  inspection  of  the  table  of  physical  properties  in 
Appendix  m,  what  suggestion  do  you  get  in  regard  to  the  relation 
between  specific  gravity  and  specific  heat7 

{9>  It  n  gm.  of  water  taken  at  0°  C.  and  m  gm.  of  kerosene  taken 
at  20°  C.  attain  when  mixed  a  final  temperature  of  12°  C,  find  the 
sp.  ht.  of  kerosene. 

(10)  Tuba  or  barrels  of  water  in  a  cellar  in  winter  are  said  to 
"keep  the  frost  away"  from  fruit  and  vegetables  (whose  freezing- 
point  is  a  little  below  0°  C.}.  Explain  how  this  can  be  true  even  if 
the  water  used  is  at  0°  C. 

(11)  Taking  as  the  value  of  the  latent  heat  of  fusion  of  Ice  80 
thermal  units  and  that  of  the  vaporization  of  water  at  100°  as  537 
thermal  units,  find  what  will  be  the  number  of  units  necessary  to 
change  a  kilogram  of  ice  taken  at  0°  into  steam  at  100"? 

(12)  How  many  inches  of  rain  at  10°  would  be  needed  to  melt  a 
fayer  of  ice  1  inch  thick,  the  epecific  gravity  ot  ice  being  0,9177 

(13)  From  the  following  dat,a  find  the  latent  heat  of  melting  for 
beeswax: 
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Weight  of  water. 300  grains 

"        "  wax 100      ' 

"        "  calorimeter. 140     " 

Sp.  ht.  of  calorimeter  material 0.1 

Temperature  of  water  just  before  wax  enters 93®  C. 

*'  '*  wax  just  before  it  enters  water. 62®  C.  Cite 

melting-point). 

'*  "  the  whole  after  wax  melts 62®  C 

(Assiime  that  no  heat  escapes  from  the  vesseL) 

(14)  Let  100  gm.  of  ice  at  0®  C.  be  put  into  300  gm,  of  water  at 
50®  C,  contained  in  a  brass  vessel  weighing  80  gm.  Calling  the 
latent  heat  of  water  80  and  the  specific  heat  of  brass  0.1,  calculate 
the  temperature  of  the  mixture. 

(15)  A  kilogram  of  iron  at  100®  is  unmersed  in  a  kilogram  of  ice 
and  water  at  0®.  The  final  temperature  is  3®.  How  much  ice  was 
present? 

(16)  What  is  meant  by  the  phrase  "  the  dew-point "?  Describe 
carefully  the  method  by  which  you  determined  the  dew-point 

(17)  Describe  carefully  the  nature  of  boiling,  showing  how  it 
differs  from  ordinary  evaporation. 

(18)  Describe  as  fully  as  you  can  the  transferences  of  heat  that 
occur  in  the  process  of  heating  a  room  by  means  of  st^am-pipes, 
beginning  with  the  fire  beneath  the  steam-boiler.  Show  why  the 
steam  in  the  pipes  is  more  efficient  in  heating  than  an  equal  weight 
of  air  or  water  at  the  same  temp>erature  as  the  steam. 

(19)  Name  all  the  familiar  instances  that  occur  to  you  of  the 
conversion  of  mechanical  energy  into  heat,  omitting  examples  given 
in  the  preceding  chapters. 

(20)  Assuming  the  average  height  of  Niagara  Falls  to  be  50  ni., 
how  much  warmer  should  we  find  the  water  at  the  foot  of  the  falk 
than  at  the  top?  (Assume  that  all  the  heat  generated  by  the  coUi- 
sion  of  the  falling  water  ^ith  other  water  and  with  the  river-bed 
below  is  imparted  to  the  falling  water.) 

(21 )  How  high  could  a  10  kgm.  weight  have  been  lifted  by  the  heat 
given  off  during  the  condensation  of  the  steam  in  Exercise  46? 

(22)  Explain  as  fully  as  you  can  the  transformations  of  eneigy 
that  take  place  when  steam  is  generated  in  a  locomotive  engine,  the 
engine  employed  to  draw  a  train  at  a  high  rate  of  speed,  and  the 
motion  finally  checked  by  appUing  brakes  to  the  train. 

(23)  A  piece  of  iron  weighing  15  kgm.  is  cut  in  two  by  a  saw. 
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The  force  required  to  push  the  saw  through  the  iron  is  8  kgm.,  the 
length  of  the  stroke  is  12  cm.,  and  the  number  of  cuts  required  to 
finish  the  work  is  50.  Supposing  all  the  heat  generated  to  remain  in 
the  iron,  what  will  be  its  temperature  at  the  close  of  the  operation,  if 
the  temperature  at  first  was  10°  C?  Ans.  10°.066  +  C. 

(24)  A  loaded  sled  on  ice  at  0**  C.  is  drawn  by  a  pull  of  25  lb.  How 
much  ice  would  be  melted  by  the  friction  in  drawing  the  sled  1  mile? 

(25)  An  iron  cannon-ball  is  shot  against  an  iron  target  with  an 
amount  of  energy  sufficient  to  have  carried  it  vertically  upward 
f  mile.  If  the  cannon-ball  weighs  50  lb.  and  the  target  5  tons,  how 
much  rise  of  temperature  would  be  noted  in  the  target  if  it  received 
all  the  heat  produced  by  the  blow? 

(26)  Suppose  a  block  of  ice  to  fall  from  a  height  and  strike  the 
earth,  retaining  in  itself  all  the  heat  produced  by  the  blow.  Neglect- 
ing the  resistance  of  the  atmosphere,  what  height  would  give  just 
sufiicient  energy  to  melt  the  ice? 


CHAPTER  XXVn. 

SOUND. 

321.  Definition. — The  word  sound  refers  sometimes  to 
the  s^isations  we  recrive  through  the  auditory  nerves, 
sometimes  to  the  external  cause  of  these  sensations.  We 
shall  use  it  mainly  in  the  latter  sense. 

322.  Transmission  of  Sound. — flight  comes  to  us  pe^ 
fectly  well  throu^  a  vacuum.    Can  soimd  do  the  same? 


X. 

Flace  a  small  alarm-belly  in  operation,  on  a  wad  of  cotton  beneath 
the  bell-jar  of  an  air-^fNimp,  and  exhaust  the  air  as  rapidly  and  as 
perfectly  as  you  can. 

Does  the  rarefaction  of  the  air  have  any  e£fect  upon  the  loudness 
of  the  sound  as  perceived  by  the  ear? 

Let  the  air  re-enter  rapidly  and  note  the  effect. 

If  the  alarm-bell  used  in  the  preceding  experiment  had 
rested  directly  upon  the  firm  pump-plate,  the  soimd  would 
have  made  its  way  to  the  outer  air  by  way  of  this  solid 
medium.  The  following  experiment  illustrates  still  further 
the  capacity  of  solids  for  carrying  sound. 

EXPERIMEirr  3. 

Hold  one  end  of  a  slender  rod  of  wood  3  m,  or  more  in  length 
firmly  between  the  teeth  while  some  one  sounds  a  timing-fork  and 
then  holds  the  stem  against  the  free  end  of  the  rod. 

It  is  a  conunon  and  interesting  experiment  to  hold  the 
head  under  water  while  a  comrade  at  a  distance  raps  two 
stones  together  imder  water.    The  loudness  of  the  sound 
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B  painful.  It  may  even  be  sufficient  to  injure  the  heftring 
at  a  distance  at  which  the  sound  produced  by  rapping  the 
same  stones  together  in  air  would  be  only  faintly  heard. 

EXERCISE  47. 
VELOCITY  OF  SOUND  IN  OPEN  AIR. 

Apparniiis:  A  pendulum  beating  seconds.  A  small  apy-glnsa. 
A  bosrd.    A  faiunmer  ot  stone. 

One  experimenter  strikes  the  board  sharply  just  when  the  pendu- 
lum-bob passes  the  middle  point  of  its  arc.  Another  places  himself 
at  the  start  about  900  ft.  distant  from  the  first,  in  a  line  at  right 
angles  with  the  plane  in  which  the  pendulum  swings,  and  then,  look- 
ing through  his  glass,  seeks  to  place  himself  at  such  a  distance  that 
the  stroke  made  when  the  pendulum-bob  passes  through  the  middle 
pomt  of  ita  arc  in  one  direction  reaches  his  ear  just  when  the  bob 
passes  through  the  middle  point  of  its  arc  in  the  other  direction. 
The  distance  which  the  sound  travels  in  one  second  in  one  direction 
ia  thus  roughly  determined.  As  the  wind  may  either  help  or  hinder 
this  movement,  the  conditlona  should  afterward  be  reversed  by  hav- 
ing the  experimenter  with  the  glass  strike  the  board,  while  the  other 
stays  at  the  pendulum  and  listens  for  the  stroke,  signalling  to  the 
striker  to  come  nearer  or  go  farther  away  until  coincidence  occurs 
aa  before.  The  mean  of  the  two  distances  now  found  should  be 
taken  aa  the  distance  which  sound  would  travel  in  one  second  in 
Btill  air. 

This  method  is  not  likely  to  give  very  accurate  results.  Its  merit 
lies  in  its  directness  and  simplicity.  A  still  more  direct  and  simple 
method  is  to  place  two  persons  a  long  distance  apart,  but  in  sight 
of  each  other,  and  have  each  in  turn  discharge  a  pistol  or  gun  while 
the  other  not«s,  as  well  as  he  can,  the  number  of  seconds  between 
the  sight  and  the  sound  of  the  explosion. 

In  case  this  Exercise  is  impracticable,  as  it  would  be  in 
most  city  schools,  the  velocity  of  sound  in  air  in  a  tube  can 
be  calculated  from  the  results  of  Exercises  48  and  49. 

Changes  of  temperature  greatly  affect  the  velocity  ot 
\  transmission  in  air  and  other  gases,  the  speed  in  air  increaa- 

g  about  60  cm.  per  second  for  each  centigrade  degree  at 
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increase  in  temperature.  Change  of  pressure  without 
change  of  temperature  does  not  affect  the  velocity.  In 
gasef;  of  different  density,  at  the  same  temperature  and 
pressure,  the  velocity  of  sound  is  found  to  be  inversely  pro- 
portional to  the  square  root  of  the  density.  Experiment 
shows  that  the  velocity  of  transmission  of  sound  is  greater 
in  solids  and  in  liquids  than  in  gases. 

323.  Sources  of  Sound. — ^If  we  trace  back  to  its  source  a 
soimd  that  comes  to  our  ears,  we  can  usually  find  it  in  the 
movements,  often  very  minute,  of  some  body  which  is  said 
to  give  out  the  sound.  Often  this  motion  is  apparent  to 
the  eye,  as  in  the  case  of  vibrations  of  sounding  strings  or 
long  tuning-forks.  Frequently  the  sense  of  touch  will  show 
this  state  of  motion  in  a  soimding  body,  a  short  timing-fork 
for  instance,  when  sight  does  not.  Sometimes,  as  in  the 
case  of  faint  soimds  of  high  pitch  coming  from  short  thick 
metal  bodies,  we  do  not  perceive  the  motion  of  the  body 
directly  in  any  way,  and  only  by  what  we  know  of  other 
sounding  bodies  convince  ourselves  that  such  motion  exists. 

324.  Sound-waves. — But  how  is  it  that  the  air  or  Miy 
other  medium  brings  the  sound  from  its  source  to  oiu*  ears? 
Do  particles  of  the  medium,  propelled  from  the  sounding 
body,  move  on  until  they  reach  our  ears,  as  a  baseball  moves 
from  the  swinging  bat  to  the  hands  of  the  player  who 
catches  it?  Evidently  this  cannot  be  the  case  when  the 
medium  which  transmits  the  sound  is  a  solid,  nor  is  it  the 
case  when  the  medimn  is  a  liquid  or  a  gas.  Particles  of 
liquid  or  gas,  if  sent  forth  with  the  velocity  of  soimd,  about 
340  m.  per  second,  would  soon  be  arrested  by  the  resistance 
of  their  fellows,  unless  the  latter  were  moving  with  similar 
velocity  and  direction.  It  is  a  concussion,  or  jcar,  sent 
through  the  air,  that  breaks  glass  miles  away  from  an  ex- 
ploding powder-mill  or  dynamite  factory. 


Now,  a  disturbance  which  travels  through  any  medium 
without  permanently  displacing  the  parts  of  that  medium, 
which  is,  ill  fact,  merely  passed  on  from  one  set  of  particles 
to  the  next,  is  called  a  wave.  There  are  various  kinds  of 
waves.  With  waves  at  the  surface  of  water  all  are  familiar. 
The  waves  which  bring  us  energy  from  the  sun  have  been 
alluded  to  in  the  preceding  pages  (§  313).  In  these  two 
kinds  of  waves  there  ia  a  motion  of  the  particles  of  the 
medium  to  and  fro  across  the  direction  in  which  the  waves 
move  forward.  A  sound-wave  consists  merely  of  a  com- 
pression travelling  forward,  followed  by  a  rarefaction. 
Every  particle  of  the  medium  affected  by  the  wave  is  in  turn 
crowded  close  to  its  neighbors  and  then  withdrawn  from 
them,  making,  on  the  whole,  a  slight  excursion  forward  and 
backward,  parallel  to  the  direction  in  which  the  sound  ia 
travelling. 

This  theory  of  the  nature  of  a  sound-wave  is  sustained 
by  our  knowledge  of  the  properties  of  bodies  and  by  experi- 
mental evidence.  We  shall  not  ent*r  upon  the  argument 
here,  but  the  student  will  by  himself  probably  find  it  easy 
to  see,  in  a  general  way,  how  a  wave  of  compression  may  be 
sent  through  a  medium  such  as  air.  If  we — as  Professor 
Tyndall  did  in  his  lectures  on  Sound — explode  a  small 
balloon,  at  the  moment  of  explosion  the  layer  of  air  imme- 
diately about  the  balloon  is  violently  compressed.  By 
virtue  of  ita  elasticity  this  compressed  air  will  almost  in- 
stantly transmit  the  compression  to  another  layer  imme- 
diately outside  of  itself,  and  will  at  the  same  time  it«elf 
become  more  rarefied  than  before  the  explosion.  In  this 
way  a  condensation  and  a  rarefaction — in  fact,  a  series  of 
them — move  outward  in  all  directions  from  the  exploded 
balloon,  A  single  condensation  and  its  accompanying  rare- 
faction together  constitute  a  sound-wave. 

The  sound-waves  produced  by  a  body  in  tt^d-ais  e>mv^ 
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off  sonnrniis  vibrations,  as  in  the  case  of  a  bell  rung  in  i 
lofty  steeple,  have,  at  a  diatanre  from  the  source,  newiy 
the  form  of  hollow  spheres  having  the  source  as  thai 
commoii  centre  {see  Fig.  220). 


Fia.  221. 


325.  Analysis  of  Soimd-waves. — In  eeeldng  to  form  a 
distinct  idea  of  the  motions  of  particles  through  which  a 
BOund-wave  is  moving  the  student  will  be  greatly  assisted  by 
the  use  of  Crova'e  disk  (No.  LXXXVII).  This  conaats 
(Fig.  221}  of  a  number  of  circles  drawn  so  as  to  be  near^ 
but  not  quite  concentric.  ^J 


The  disk  ia  attached  to  a  rotating  apparatus,  and  whided;  wliile 
Bcroea,  in  front  of  cither  half  of  it,  is  held  a  piece  of  cardboard,  in 
which  ia  a  long  slit,  2  or  3  mm,  wide,  parallel  to  any  radius  of  the 
circles. 

The  short  ares  of  the  circles  seen  through  the  slit  may  be  taken  to 
represent  particles  of  air,  and  the  way  in  which  they  crowd  together 
and  separate,  as  the  disk  rotates,  gives  a  very  vi\-id  idea  of  the  wuy 
in  which  the  particles  of  air  actually  move  when  set  in  motion  hv  a 
fiound-wa^y.  Tiie  places  where  many  lines  are  crowded  together 
represent  the  condensed  portion,  and  those  where  the  lines  an 


widely  separated,  the  rarefied  portion,  of  a  Bound-wave.     Observe 
how  the  condensations  and  rarefactions  travel  along  the  slit. 

It  is  rather  troublesome  at  first  to  see  why  a  condensation 
or  rarefaction  in  air  should  travel  in  one  direction  rather 
than  another,  why  it  should  not  go  backward  as  well  as  for- 
ward.    The  following  diagram  (Fig.  222)   may  make  the 


matter  a  little  plainer:  In  the  line  AB  the  dots  1-16  repre- 
sent particles  of  air  whi«h  are  equidistant  from  each  other 
when  \mdisturbed.  A  sound-wave  coming  along  the  line 
AB  in  either  direction  will  change  the  positions  of  these 
particles  without  moving  them  out  of  that  line,  but  to  avoid 
confusion  the  particles  in  their  disturbed  condition  are  here 
represented  on  another  line,  A'B'. 

On  this  new  line  particle  1  is  displaced  a  little  to  the  right 
from  its  natural  position,  2  is  not  displaced,  3  is  displaced 
a  little  to  the  left,  4  a  little  more  to  the  left,  5  still  more 
and  farthest  of  all,  6  being  displaced  no  more  than  4,  7  no 
more  than  3,  and  8,  like  1,  not  at  all.  No,  9  is  displaced 
to  the  right,  10  still  more,  etc.  l/ooking  along  the  whole 
line  we  see  a  condensation  with  centre  at  2,  a  rarefaction 
with  centre  at  8,  another  condensation  with  centre  at  14. 
At  the  centre  of  each  condensation  or  rarefaction  is  a 
particle  in  its  natural  position. 

Is  it  possible  to  tell  from  this  diagram  whether  the  wave 
is  moving  from  A  toward  B  or  in  the  opposite  direction? 
No.  That  depends  upon  the  present  moliona  of  the  par- 
ticles, concerning  which  nothing  has  been  said. 

Consider  the  particles  2  and  3.  If  they  are  both  moving 
toward  the  right,  2  will  in  a  moment  be  displaced  yaa^  ^a  \ 
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now  is,  and  3  will  be  in  its  natural  position^  as  2  now  is;  in 
other  words,  the  condensation  now  central  at  2  will  have 
moved  to  the  right.  The  vxive  will  be  moving  toward  the 
right. 

If  we  regard  the  other  particles,  we  shall  find  everything 
consistent  with  this  direction  of  the  wave,  although  we  shaJl 
not  find  all  the  particles  moving  toward  the  right.  No. 
4  is  moving  to  the  right,  5  is  at  its  turning-point,  6  is  mov- 
ing to  the  left,  and  also  7,  8,  9,  and  10.  No.  11  is  at  its 
turning-point,  12  is  moving  toward  the  right,  and  so  are 
14, 15,  and  16,  which  are  merely  repetitions  of  2, 3,  and  4. 

We  can,  therefore,  say,  When  a  sound-wave  is  moving 
toward  the  right,  the  particles  at  the  centre  of  condensation 
are  moving  toward  the  right  and  those  at  the  centre  of  rare- 
faction are  moving  toward  the  left. 

326.  Graphical  Representation  of  a  Sound-wave.— A 

diagram  like  the  following  (Fig.  223)  is  commonly  used  to 
represent  a  sound-wave. 

The  curve  ACD  is  taken  to  represent  the  condensed  part, 

c 


and  the  curve  DEB  the  rarefieci  part,  of  the  wave.  Per- 
pendiculars, such  a^  CF,  let  fall  from  the  curve  upon  the 
line  AB,  show  the  relative  amoimt  of  condensation  or  rare- 
faction at  any  desireii  |x^int  F  on  the  line  AB. 

This  fif^ure  is  not  a  pi-cinrc  of  a  sound- wave,  but  only  a 
symbol  for  one.  The  wave  is  supj-n-tsed  to  be  travellinir  from 
^  to  ^  or  from  B  to  .4,  and  the  imrticles,  onxrinaJlv  hing 
on  the  line  AB,  still  lie  on  t.hat  line  while  the  wave-motion 
in  going  on. 
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8(mnd  as  it  aiqiVMehes  the  ear,  the  other  prevent^ 
spreading  unnaeeflHurily  as  it  leaves  the  mouth. 


Wnm  SSS. 

A  reflected  sound  is  frequently  called  an  ec&o.  Anedo 
occurs  where  a  sound  travelling  through  one  medium  comes 
abruptly  against  another  medium  of  different  density. 
Echoes  have  much  to  do  with  the  ease  or  difficulty  whieh 
a  speaker  finds  in  making  himself  heard  in  a  lai^  hall. 
If  the  echo  is  nearly  simultaneous  with  the  direct  sound,  it 
reinforces  the  latter  and  may  be  a  great  benefit.  If  it  is 
too  much  prolonged,  it  causes  much  trouble.  There  is  less 
echo  from  soft  fabrics,  like  cushions  or  clothing,  than  from 
bare  walls  or  benches.  Hence,  in  a  large  hall,  it  is  usually 
much  easier  to  make  one's  self  heard  by  a  large  audience 
than  by  a  small  and  scattered  one.  The  introduction  of  a 
gallery  into  an  audience-room*  sometimes  reduces  the  echo. 

The  long  jarring  rumble  of  a  thunder-peal  is  maintained 
by  echoes  from  strata  of  air,  from  clouds,  or  from  the  earth. 


329.  Refraction  of  Sound. — Soimds  which  enter  one 
medium  from  another,  or  go  from  one  place  to  another  of 
clifTerent  density  in  the  same  medium,  suffer  refractim 
somewhat  as  light-waves  do.  This  sometimes  occurs  on  a 
lAtigp  scale  in  the  open  atmosphere,  producing  curious  effects 
which  are  more  or  less  troublesome  in  fog-signals. 

*  For  the  b«0t  study  of  ait;hitectiiral  aocnxstics  ever  made  see  d» 
/aI^JLJ*^  '*^*"'"  ^'  ^  Sabine,  Amencan  Ardiitect  or  MngineenH§ 
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330.  Musical  and  Unmusical  Sounds. — ^All  observe  that 
some  sounds  have  a  musical  quality,  while  others  are  merely 
noise. 

EXPERIMENT  i. 

Upon  the  whirling  apparatus  fasten  a  disk  (No.  LXXXIX)   of 
metal  or  wood  about  15  cm.  in  diameter  canying  2  circular  rows  of 
pegs,  each  row  being  concentric  with  the  disk.     In  one  row  the  pegs ' 
are  placed  at  equal  intervals  of  about  1  cm.     In  the  other  row  there 
is  an  equal  number  of  pegs  separated  by  unequal  intervals. 

Revolve  the  disk  at  a  uniform  rate  several  times  a  second,  and 
hold  the  edge  of  a  card  lightly  against  the  irregular  row  of  pegs  (see 
Kg.  226).     Then  hold  the  card  against  the  other  row  of  pegs.     Is 
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there  any  marked  difference  in  the  quality  of  the  sound  produced  in 
these  two  cases? 

Although  none  of  the  effects  obtained  in  this  experiment 
are  above  criticism  from  a  musical  standpoint,  they  illus- 
trate roughly  the  fact  that  air-pulses  striking  the  ear  at 
regular  intervals,' and  with  a  frequency  grealei  \\i.«Jii  ^  ^^"c- 
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-  ".:.  .zJL  ni-.fit.'ai.  jisrrurjffuzs  ir^  !az:ac>ie  of  giving oot 
^  's.  .-vv""-r  r  r^zr.  ::ir  jirer^ils.  Tlie  vibniuin^  spring  in 
-11. -  "  1-  TTzi^  -gir^^rTr.eiir  ilu^mres  'Jie  airdc-ii  of  a  taning- 

7  ji:-  1  v-Ttijc  ^nmeir  iir-*"  n  'ii't-k-scnnx  jiui  fisiaezL  it  in  a  Ti» 

-    — ::ir.   c-j.—:!:^  u:t":r  -4'   ^r  5 J   -m.  irittrTimc  horizoni^allT.    Srt 

—r   '.JT     •iTn.nz^  ICO.  lire  "tie  T»'^iiiir:.T7  :e  Its  swincs.  obeerviDg 

M— '.  iJLr  "iir  :'-:l:5'  'I  1  p»*!i».aiiiiiii-  'he'"  T,ik*  jccizt:  she  same  lagth 

*!i-.  — i-ii  lie  — branriAr  par-^.  xad  Tceer-^  ihe  -j^-Hni  Tzpon.  the  qokk- 
--— ^    ■  "^e  ?v-i:ur.     TTioT—^ii  17  :u  :;  :r  -J  nn..  md  obeenne  that  now 

A  'yzii  'it^^  :l  ri,':i:er  ribiz^r.  fastened  at  the  ends  and 

5^7---  "iiei.  Il"j?m~lz;r  tiie  iiLTiirn  -rf  the  strings  in  a  piano 

r  ~«  Liz..  TT  T-Ji  'ztr :  iiz.ii  t«:  "rate  re^uLirly  with  a  quick- 

"•■^.-  ir-rez.''     r  "it:»:!1  i-ie  lescr^Mr  :f  "ecsioc.. 

TjLr  '~.':r"i"i'[i5  if  zi":;fi"!al  ftrinjs  :r  wires  will  be  conad- 

-  «  «       «  _ 

331.  Deterniriticii  cf  the  Lciig;th  of  a  Sound-WBYe.^ 
'*:.■- >r  ■-■-■rr-:  :rr.  i  ii':;?::il  5*:*iiii  Mrj^ists  of  a  series  of 
'^ :•"-■=  :  "_1  —ir.z  -ri.'-i  .'ii-fr  it  rr-z'i.ar  intervals  of  time,  we 
r..^;-  ■::ir.  :':Lrr  ii^t^- :»r  ':trr^-ftrn  sinilir  p«:)rtions  of  two  con- 
^''<  r:-'r  ~i'*-r5  :'-_T  r t'-.-V^.x^  ■::  that  sound.  We  mav 
*i!-:--  :":-^  ::.-:ir.  :>r  :r:r-i  the  zr-izLZ  of  greatest  condensation 
1-.  :■.-:  ""ivr  :•:  :'r_i:  ::  :he  r-ijint  'jf  greatest  condensation  in 
::.'•  :.-■:::  ".i-.y-.  :r  ^-i:  r„av  r.ieasure  frr.m  rarefaction  to  rare- 
i-jir'':-  r..     The  lister. ce  •:vill  be  the  same  in  both  cases. 

^-.Ttjjf^T^r:  sltlv  kirA  of  t'irang-fiDrk,  for  instance  a  common 
''A*  f'jrk  of  440  corriplete  *  vibrations  per  second,  to  be 

*  A  fftrrip\frrf\  or  double,  vibration  is  a  movement  in  which  the 
vibrjiiinjr  b<^xly  gr^.s  over  its  whole  path  twice,  once  from  kft  to 
ri^ht  HI  id  our-f  from  right  to  left,  that  is,  perfonns  a  round  frijx 
'Ih'-  word  r  It/ration  ased  alone  will,  in  this  bool^  mean  such  a  OOOH 
f>l»'t,e  vibration. 
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tube  makes  some  difference  in  the  effective  length  of  tl 
MT-column,  BO  that  in  calculation  one-quarter  of  the  disfft-  ' 
eter  should  be  added  to  the  length  of  the  cylinder. 

If  the  jar  were  deep  enough,  the  condensation  might 
travel  to  the  bottom  and  back  just  in  time  to  coincide  with 
the  impulse  sent  out  by  the  secovd  up-stroke  of  the  prong, 
The  depth  of  the  jar  in  this  case  would  be  about  three- 
quartere  of  a  wave-length.  The  same  correction  for  widtb 
of  jar  would  have  to  be  made  in  thia  case  as  in  the  preced- 
ing one ;  but  if  both  depths  were  determined  by  experiment, 
one  being  one-quarter  of  a  wave-length  minus  a  certain 
quantity  and  the  other  three-quarters  of  a  wave-length 
minus  the  same  quantity,  the  difference  between  the  two 
depths  would  be  just  one-half  a  wave-length.  This  method 
is  followed  in  Exercise  48. 

EXERCISE  48. 
WAVE-LBNGTH  OF  SOUND. 

Apparatus:  Articles  94  and  95. 

Push  the  piston-head  along  the  tube  until  it  is  not  more  thsa  20 
em.  from  one  end.  Strike  one  prong  of  the  tuning-fork  upon  a  jnees 
of  soft  wood  and  then  hold  it  at  thia  end  of  the  tube.  While  the 
fork  is  sounding  draw  the  piston-head  gradually  away  from  the  fork, 
listening  for  the  rise  and  subsequent  fall  of  the  sound,  which  occurs 
whf  D  the  air-column  attains  and  then  exceeda  the  proper  length. 
Fmd  in  this  way,  and  mark,  one  effective  position  of  the  piston-foce. 

Find  in  hke  manner  a  second  effective  position  of  the  piston-fiice, 
which  will  give  a  much  longer  air-column  than  before. 

The  distance  between  the  two  positions  ot  the  piston  will  be  equal 
to  one-half  ot  a  wave-length. 

Varieties  of  Musical  Sounds. 

Musical  somids  differ  among  themselves  in  loudnesi, 
pitch,  and  quality. 

332.  Loudness:  Resonance. — At  the  start  the  loudness 
of  a  musical  sound  depends  upon  the  ividth,  or  amplitude. 
of  the  vibrations  of  the  body  giving  out  the  sound-waves, 
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but  the  original  loudness  may  be  greatly  reinforced  by  the 
vibrations  of  some  other  body,  set  into  action  by  the  somid 
itself.  Increase  of  loudness  produced  in  this  way  is  called 
resoTiance. 

In  order  that  resonance  may  occur  it  is  necessary  that  the 
natural  time  of  vibration  of  the  assisting  body  be  the  same, 
or  nearly  the  same,  as  that  of  the  original  soimding  body. 
The  second  body  is  gradually  set  into  action  by  successive 
impulses  from  the  first,  each  impulse  coming  just  at  the 
right  time  to  add  to  the  previous  effect,  very  much  as  a 
heavily  loaded  swing  is  worked  into  wider  and  wider  motion 
by  properly  timed  pushes  or  pulls.  If  the  two  bodies 
did  not  naturaUy  vibrate  in  unison,  one  impulse  might 
destroy  the  effect  of  the  previous  one,  so  that  the  second 
body  would  be  affected  but  little.  Vibrations  of  the  second 
body  produced  in  this  way  are  called  sympathetic  vibrations 
(see  §  336). 

In  Exercise  48  the  reinforcing  body  was  a  coliunn  of  air; 
but  frequently  solid  objects  serve  a  like  purpose,  as  the  fol- 
lowing experiment  shows : 

EXPERIMEirT  z 
Take  several  unmounted  tuning-forks  of  different  pitch.    Put 
each  in  turn  into  vibration  and  then  press  the  end  of  the  handle 
against  the  table-top,  a  door,  a  wooden  box,  etc.,  listening  for  reso- 
nant effects. 

The  fact  that  the  same  solid  body  may  respond  to  several 
different  notes  is  explained  later,  in  §  339. 

In  the  case  Of  a  tuning-fork  mounted  upon  a  sounding- 
box,  as  in  Fig.  228,  the  vibration  is  communicated  through 
the  wood  to  the  air-column  within. 

Musical  instruments  making  use  of  vibrating  strings  or 
wires,  like  the  piano  and  violin,  are  peculiarly  dependent 
upon  the  resonance  of  the  supporting  wood. 


The  transference  of  a  given  note  from  one  soimding  body 
through  the  air  to  another  body  of  the  same  rate  of  vibra- 
tion is  strikingly  shown  by  the  following  experiment. 

EXPEHIMEHT  a. 
Place  two  tunitlg-forliB  of  the  same  pitch,  ea«;h  mounted  upon  i 
resonance-box,  some  feet  apart  on  a  table,  the  mouths  of  the  boxa 
being  turned  toward  each  other.  Bet  one  fork  into  vigorous  vibra- 
tion by  me^ans  of  a  bow,  and,  after  some  seconds,  stop  this  fork  and 
notice  whether  the  sound  is  now  givon  out  by  the  other  one. 


To  make  this  experiment  a  complete  Bucceaa  it  may  be  necessary 
to  attune  the  forks.  This  can  be  done,  if  their  diSerence  ia  not 
gwat,  by  loading  equally  with  wax  both  prongs  of  the  higher  fork. 

333.  Pitch. — The  next  characteristic  of  musical  sovndf 
to  be  considered  is  pilch. 

It  is  easy  to  show,  by  turning  with  varying  speed  the 
rotating  disk  used  in  §  330,  that  the  degree  of  skoTpnest 
changes  as  the  vibrations  producing  the  sound  become  more 
or  less  frequent.  A  like  fact  was  noticed  in  the  experiment 
with  the  vibrating  clock-spring.  An  increase,  of  sharpneas 
in  a  musical  sound  is  called  a  rise  of  pitch. 
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It  is  evident  that  an  increase  of  frequency  in  the  vibra- 
tions raises  the  pitch  of  a  sound.  We  may  naturally  in- 
quire how  many  vibrations  per  second  are  needed  to  yield  a 
tone  of  given  pitch,  for  instance  some  familiar  note  of  a  mu- 
sical instnunent.  This  question  is  taken  up  in  the  next 
Exercise. 

EXERCISE  49. 
NUMBER  OF  VIBRATIONS  PER  SECOND  OF  A  TUNING-FORK, 

Apparatus:  Nos.  95  and  96. 

The  method  of  this  Exercise  is  to  draw  the  smoked  glass  along  in 
a  straight  line  beneath  the  style  of  the  vibrating  tuning-fork,  thus 
tsacing  on  the  glass  a  sinuous  curve,  and  simultaneously  to  cut 
this  curve  crosswise  by  means  of  traces  made  by  the  style  of  the 
pendulimi. 

Arrange  the  pendulum  and  fork  so  that  the  horizontal  part  of  the 
pendulum  mention  shall  be  parallel  to  the  motion  of  the  fork-prongs, 
and  so  that  the  two  styles  may,  when  at  rest,  be  in  the  same  vertical 
plane,  with  their  points  as  near  each  other  as  practicable  (see  Fig. 
229). 

Place  the  piece  of  smoked  glass  under  the  timing-fork  and  pendu- 
lum, and  make  such  adjustments  that  the  styles  will  bear  lightly 
upon  the  glass.  Set  both  pendulum  and  tuning-fork  into  vibration, 
and  then  draw  the  glass  quickly  along  beneath  them  in  a  direction  at 
right  angles  to  the  vibrations.  «^ 
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Count  the  number  of  vibratiocs  of  the  pendulum  per  minute,  aiid 
find  from  the  smoked  plate  the  number  of  vibrations  of  the  tuning- 
fork  corresponding  to  one  vibration  of  the  pendulum.  Then  calcu- 
late the  number  of  complete  double  vibrations  of  the  tuning-fork  per 
second. 

The  pitch  of  musical  instruments  has  changed  very 
greatly  in  Europe  from  time  to  time  and  from  place  to 
place.  A  certain  not-e,  "A,"  has  ranged  all  the  way 
from  375  vibrations  per  second  to  567.  In  Germany, 
during  the  seventeenth  and  eighteenth  centuries  the 
pitch  of  this  particular  note  was  about  425,  but  it  haa 
now  risen  considerably.  The  following  quotations  are 
from  the  History  of  Musical  Pitch  given  by  Ellis  in  the 
appendix  to  his  Translation  of  Helmholtz's  Sensaiiojis  i] 
Tone:  ''As  this  [the  eighteenth  century]  was  the  period 
of  the  great  musical  masters,  and  as  their  music  is  still 
sung,  and  sung  frequently,  it  is  a  great  pity  that  the 
pitch  should  have  been  raised,  and  that  Handel,  Haydn, 
Mozart,  Beethoven,  and  Weber,  for  example,  should  iw 
sung  at  a  pitch  more  than  a  semitone  higher  than  they 
intended.  The  high  pitch  strains  the  voices,"  eti:- 
"The  rise  of  pitch  began  at  the  great  Congress  of  Vienna, 
1814,  when  the  Emperor  of  Russia  presented  new  and 
sharper  wind  instnmients  to  an  Austrian  regiment  of 
which  he  was  colonel.  The  band  of  this  re^ment  became 
noted  for  the  brilliancy  of  its  tones." 

334.  Combinations  of  Sounds  Differing  Slightly  in 
Pitch :  Beats. — WTien  one  is  within  hearing  of  two  sound- 
ing bodies  differing  a  little  in  pitch,  it  will  happen  at  certain 
instants  that  the  condensations  of  the  two  sets  of  sound- 
waves, and  also  the  rarefactions,  coincide  at  the  ear,  giving 
an  effect  which  is  the  sum  of  the  two  effects  produced  by 
the  bodies  acting  singly.  At  other  instants  the  condensa- 
tions of  one  set  of  waves  will  coincide  with  the  rarefactions 
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f  the  other  set,  giving  an  effect  which  is  the  difference  of 
the  two  single  effects.  The  result  is  a  succession  of  changes 
n  the  combined  sound,  from  strong  to  weak  and  back  agiun. 
liese  fluctuations  are  called  heais. 


Take  two  tuning-torks  of  the  same  pitch,  mounted  on  Bounding- 
Kboxes,  and  set  both  into  vibration  by  means  of  a  basa-viol  bow  drawn 
Pacnss  the  ends  of  the  prongs.  If  the  two  forks  are  really  of  the 
I.Bame  pitch,  the  two  sounds  will  appear  to  be  one,  which  will  gradu- 
i  flUy  die  away. 

Load  both  prongs  of  one  fork,  near  the  end,  with  a  small  quantity 
\  of  wax,  thus  diminiabing  its  rapidity  of  vibration,  and  then  sound 
liiB  two  together,  listeoiDg  for  the  beats. 

Nearly  every  musical  instrument  gives  out  soimds  of 
different  pitch  at  the  same  time,  and  different  sounds  from 
one  instrument  are  sometimes  related  to  each  other  in 
such  a  way  as  to  cause  beats.  Gongs  and  bells  nearly 
always  ^ve  perceptible  beats  when  sounding  undisturbed. 

If  sound-waves  are  represented,  as  they  may  be  for  con- 
venience, by  a  diagram  resembling  water-waves,  the  nature 
of  beats  is  well  expressed  by  Fig.  230,  where  the  regions  of 
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high  crests  and  deep  troughs  stand  for  phases  when  the  two 
waves  reinforce  one  another,  and  the  more  level  inter- 
mediate portions  for  interference-phases. 

335-  Hannony  and  Discord. — When  two  or  more  musi- 
cal sounds  are  simultaneously  produced,  their  effect  upon 
the  ear  may  or  may  not  be  agreeable.  It  is  certain  to  be 
agreeable  ii  there  are  only  two  tones,  whose  vibration- 
numbers  have  a  very  simple  ratio.  For  instance,  if  the  two 
tones  are  those  produced  by  a  "violin-A"  fork,  of  440 
vibrations  per  second,  and  another  fork  oS  2*20  Vfoia.'w.aoa 


I 
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per  second,  so  that  the  ratio  is  2  : 1,  the  interval  betweai 
the  two  tones  is  what  is  called  an  octave  and  the  efiect  is 
pleasing.     Such  a  pleasing  effect  is  called  harmony. 

But  if  the  fork  of  440  vibrations  were  soxmded  at  tte 
same  time  with  another  of  420  or  460  vibrations,  for  exam- 
ple, beats  would  be  produced,  and  though  these  beats  would 
be  too  rapid  to  be  counted,  or  even  recognized  a&  such,  by 
the  ear,  the  result  would  be  unpleasant.    It  would  be  called 


t  Tones  an  octave  apart  are  produced  by  any  two  Bonorous 

i.  bodies  in  vibration  when  their  vibration-numbers  have  to 

i  each  other  the  ratio  2:1.     An  octave  is  the  simplest  possi- 

ble musical  interna/,  and  this  is  subdivided,  in  what  is  called 
j  the  natural  scaie,  or  gamut,  into  several  smaller  intervals. 

I  The  vibration-numbers  of  the  whole  series  of  tones,  com- 

I  prising  a  given  tone,  its  octave  above,  and  the  intermediate 

f  tones  of  the  natural  scale,  bear  to  each  other  relations  indi- 

cated by  the  following  representative  numbers  *  . 
y  do        re       mi        fa         sol  la  si 


;  32 


40 


I 


The  lower  line  of  numbers  shows  what  the  vibration-frequen- 
cies of  the  various  notes  would  be  if  the  vibration-frequency 
of  the  lowest  note  were  called!.  Thus,  the  number  of  vibra- 
tions per  second  in  sol  is  |  times  as  great  as  that  in  do. 

Any  person  trained  in  music  will  see  that  the  notes  which 
go  best  with  do,  giving  the  best  harmony,  are  those  fur 
which  the  vibration-ratio,  with  reference  to  do,  can  be  ex- 
pressed by  the  use  of  small  whole  numbers.  The  simplest 
ratio,  from  this  point  of  view,  is  that  of  the  lower  and  the 
higher  da,  which  go  particularly  well  together.     The  c 

*  Tlie  note  re  ia  (Milleil  the  second  of  the  do  below  it; 
the  third  uf  the  aaiae  do,  fa  the  fourlh,  etc. 
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simplest  ratio  is  |,  that  of  do  and  mI,  which  notes  also  go 
very  well  together.    Especially  bad  ratios  are  the  |  and  ^. 

The  connection  between  simple  ratios  and  harmony  has 
been  known  for  a  long  time.  People  used  to  try  to  explain 
it  by  saying  that  the  human  mind  or  soul  delisted  in  simr 
pie  ratios  as  such;  but  Helmholtz  pointed  out  that  many 
persons  have  excellent  perception,  of  musical  harmony  vrho 
never  even  heard  of  vibration-numbers.  He  explained 
discord  by  means  of  heaU. 

He  found  that  beats  are  especially  impleasant  when  they 
occur  about  thirty  times  a  second. 

Keeping  the  above-given  niunerical  relations  in  mind  and 
knowing  the  vibration-number  of  any  particular  note  of  the 
scale,  we  can  calculate  the  nmnber  of  vibrations  that  will 
be  required  to  produce  any  given  tone.  Suppose  we  are 
asked  to  find  the  number  of  vibrations  per  second  that  will 
produce  the  tone  G  next  preceding  that  of  the  ^'violin-A'! 
fork  of  440  vibrations.  Then  we  have  the  proportion 
36  :  40  :  :  x  :  440,  from  which  a: =396  vibrations. 

336.  Quality. — ^Aside  from  dififerences  in  the  loudness 
of  soimds  and  in  their  pitch,  there  is  a  well-known  differ- 
ence in  qyality.  It  is  this,  in  part,  which  enables  one  to 
distinguish  the  voices  of  acquaintances  in  the  dark,  or  to 
pick  out  a  familiar  voice  singing  among  many  others.  Still 
more  marked  are  the  differences  between  the  soimds  of  cer- 
tain musical  instruments,  the  violin  and  the  flute  for  ex- 
ample, even  when  both  are  producing  soimds  of  the  same 
pitch.  The  fact  is  that  a  musical  sound  is  usually  a  com- 
bination of  several  notes  differing  in  pitch,  and  what  is 
called  the  pitch  of  the  sound  is  merely  the  pitch  of  its 
loudest  component. 

Helmholtz  invented  a  system  of  resonators,  consisting 
usually  of  hollow  brass  bulbs  or  cylinders  with  an  opening 
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at  one  or  at  each  end,  each  responding,  by  means  of  the 
air-column  within  it,  to  some  particular  not«  when  any 
sound  containing  that  note  is  produced  near  by.  By  the 
help  of  such  instruments  he  analyzed  the  sounds  of  the 
human  voice  and  explained,  for  example,  the  difference 
between  the  different  vowel-soimds  when  sung  by  the  same 
voice  at  the  same  pitch.  His  explanation  can  be  under- 
stood better  aft«r  certain  experiments  on  vibrating  stringB, 
etc.  (5§  337  and  340),  have  been  given;  but  the  student  in 
advance  of  all  further  discussion  will  do  well  to  try  tiie 
follo^^•ing  experiment,  which  is  described  in  the  great  woik 
of  Helmholtz  on  Sensations  of  Tone.* 


Lift  the  top  of  a  piano  so  as  to  expose  the  striaga  to  view,  push 
down  the  loud  pedal  so  aa  to  leave  the  strings  free  to  vibrat*  and  give 
out  tlieir  full  volume  of  Bound,  then  sing  into  the  piano  a  prolonged 
a,  giving  the  BOund  as  in  ah.  Keep  the  i)edal  down  after  the  voice 
ceaaes,  and  listen  to  the  response  given  by  the  Btrii^.  'J'hen  try  the 
sound  of  d,  as  in  note,  in  the  same  way. 

The  piano  returns  the  sound  in  each  case  with  almost  startling 
distinetncas.  With  moEst  of  the  other  vowi'I  sounds  the  effect  is 
muth  lea?  striking. 

337.  Fundamental  Tone,  Overtones,  and  Harmonics.— 

It  has  already  been  observed  (§  332)  that  a  single  body  may 
'  give  out  several  different  notes.  It  is  now  time  to  study 
the  behavior  of  vibrating  bodies  more  closely.  We  may 
Well  begin  with  the  transverse,  sidewise,  vibrations  of 
strings,  or  wires. 

EXPEHMEMT  i. 
stretch  one  o[  the  sonometer-wirca  (No.  XCIV)  rather  tight,  un- 
til it  gives  a  clear  musical  sound  on  being  stroked  at  the  middle  with 
a  bass-viol  bow.  While  it  is  still  sounding,  drop  a  little  A-shaped 
rider,  made  of  stiff  paper,  on  the  wire  near  the  middle.  Note  the 
behawor  of  the  rider. 

Sound  the  wire  again,  and  look  at  it  in  a  strong  light,  while  it  is 
•  Longmans,  Green,  &  Co. 


Bounding.  Repeat  the  experiment  with  the  rider,  dropping  it  upon 
portions  of  the  sounding-wire,  until  the  trials  have  been 
carried  quite  to  one  end  of  the  wire. 

Then,  holding  tie  finger-tip  lightly  against  the  exact  middle  of  the 
"wire,  stroke  the  latter  midway  between  the  point  where  the  finger  is 
applied  and  either  end.  Then  quickly  remove  the  finger  and  put  the 
rider  in  its  place ;  then  put  it  on  some  other  portion  of  the  wire. 

(Jnce  more  place  the  finger-tip  on  the  wire,  twice  as  far  from  one 
end  as  from  the  other,  sound  it  by  stroking  it  half-way  between  the 
finger  and  the  nearer  end,  remove  the  finger  and  put  the  rider  in  ita 
place ;  then  put  the  rider  on  another  portion  of  the  wire. 

Measure  off  the  wire  accurately  into  four  equal  parts,  as  in  Fig. 
231.  Place  a  colored  paper  rider  at  point  3  and  another  at  point  3. 
Place  a  white  paper  rider  nt  each  of  t!ie  points  a,  b,  and  c.     Hold  the 


t  rf.     Obser\-e  which  riders  are 

Theae  experiments  will  doubtless  show  that  the  vibrating 
wire  has  regions  of  greatest  vibration  and  points  of  little  or 
no  vibration.    The  regions  of  greatest  vibration  are  called 


loops;  points  of  no  vibration,  nudes.  In  Fig.  232  the  loops 
and  nodes  of  some  vibrating  wires  are  shown.  The  centre 
of  each  loop  is  marked  I,  and  each  node  is  marked  n. 


EXPERIMEHT  i. 

Pliipfc  one  of  the  Bonometer-wirea  atrongly  at  Uie  centre,  then  at 
various  intervals  toward  either  end,  until  finally  the  end  is  almost 
reached.  Note  the  clanging  tones  of  high  pitch  that  are  [ffoduced 
as  the  end  of  the  wire  is  approached,  and  observe  how  these  quickly 
dis  away,  leaving  the  lowest  tone  of  the  wire  still  sounding. 

This  lowest  note  is  called  the  fundamenlal  note,  or  simply 
the  fundamerUol,  of  the  wire.  It  is  given  by  the  form  of 
vibration  shown  in  Fig.  232,^.  The  higher  tones  produced 
by  plueking  the  wire  toward  the  end,  in  the  way  just 
described,  are  called  overtones. 

There  are  with  some  instruments  two  kinds  of  overtones: 
those  which  unite  agreeably  to  the  ear  with  the  funda- 
mental, and  those  which  do  not.  The  former  are  called 
harmonic  overtones,  or  harmonics.  The  overtones  of  freely 
vibrating  wires  are  harn^onics. 

338.  Laws  of  Vibrating  Strings.— We  can  hardly  under- 
take in  this  course  of  study  to  find  by  experiment  the  laws 
of  vibration,  of  strings  or  wires.  They  may  be  stated  as 
follows :  The  number  of  vibrations  per  second  is- — 

(1)  inversely  proportional  to  the  length  of  the  string; 

(2)  inversely  proportional  to  the  square  root  of  weight  of 
the  string  per  unit  length; 

(3)  directly  proportional  to  the  square  Toot  of  the  stretch- 
ing force. 

The  application  of  the  first  of  these  laws  to  eases  like 
those  exhibited  in  Fig.  232  shows  that  the  fundamental 
and  the  overtones  of  a  string  have  vibration-frequencies 
bearing  to  each  other  the  ratios  of  the  numbers  1,  2,  3.  4, 
etc. 

The  fact  has  already  been  stated  that  the  vibration- 
frequencies  of  any  two  notes  that  unit«  pleasantly  to  the  ear 
bear  to  each  other  some  ratio  that  can  be  expressed  by  small 
whole  numbers. 


SOUND. 


433 


339.  Chladni's  Figures. — Strings  are  by  no  means  the 
only  objects  that  can  vibrate  in  parts.  Thin  plates  of 
metal  or  wood  may  give  out  a  great  variety  of  soimds 
corresponding  to  different  modes  of  vibration.  If  this  were 
not  so,  such  instrmnenta  as  the  violin  and  piano  would  be 
very  ineffective. 

Plates  of  glass  or  of  metal  may  be  fastened  at  the  middle 
by  a  clamp,  as  in  Fig.  233,  or  in 
any  other  convenient  way,  and 
set  vibrating  by  a  violin-bow. 
sand  is  sprinkled  on  the  surfaces 
of  such  plates  while  they  are 
vibrating,  it  will  arrange  itself  in 
lines  which  mark  the  position  of 
the  nodes.  The  figures  formed 
by  the  sand  are  known  as  Chlad- 
ni's fiffures,  in  honor  of  the  in- 
vestigator who  first  studied  and 
described  them. 

BXPBRIMElrr. 

sprinkle  fine  Band  and  lyoopotliura  powder  over  a  square  CUadiii 
plate,  and  then,  using  a  violin  or  bass-viol  bow,  produce  aa  many  as 
practicable  of  the  simd-figurefi  shown  m  Fig.  234.     In  each  case  the 


tetter  b  shows  where  the  bow  is  applied  to  the  edge  of  the  plat«, 
a  indicates  the  position  of  the  finger  held  in  contact  with  the  plate 
to  produce  nodes;  and  e  is  the  position  of  the  clamp. 

Observe  the  behavior  of  the  lycopodium  while  the  plate  is  vibrat- 
ing, and  the  posttions  where  it  finally  settles. 
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The  nmjof  Una,  marked  by  the  sand-figures,  are  those 
parts  of  the  plate  which  have  little  or  no  up-and-down 
motion  while  the  plate  is  vibrating.  The  sand-parlicles  are 
apparestly  tossed  toward  these  lines  by  the  blows  they 
receive  from  the  quivering  parts  of  the  plate. 

The  verj'  tight  lycopodium  is,  however,  not  easily  tossed ' 
throu^  the  air.  It  is  controlled  largely  by  the  movementfl 
of  the  air  above  the  plate ;  and  these  movements  are  such  as 
to  keep  the  powder  at  the  points  of  greatest  agitation  of  the 
surface.     In  a  vacuiun  the  lycopodium  acts  like  the  sand. 

340.  Vibratioiu  in  0^;an-pipes. — A  column  of  air  in  a 
pipe  does  not  necessarily  vibrate  as  a  whole.  This  fact 
accounts  for  the  variety  of  pitch  obtainable  from  a  fife,  flute, 
or  other  similar  wind-instnunent. 

In  every  pipe  ^%'ing  out  a  musical  sound  there  is  at  least 
one  cross-section  where  the  air  is  alternately  compressed  and 
rarefied  without  movement  through  the  cross-section.  This 
is  called  a  node. 


BOB 


A  in  Fig.  235*  indicates  the  condition  of  a  pipe,  closed  at 
one  end,  giving  out  its  lowest  note.  There  is  only  one 
node,  and  this  is  at  the  closed  end.     The  wave-length 

*  Figures  235  and  236,  and  all  statements  here  made  about  length, 
are  only  approximately  correct. 
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(Exercise  48)  of  the  sound  is  four  times  the  length  of  the 
pipe. 

B  of  the  same  figure  shows  the  nodes  in  the  same  pipe 
giving  its  next  higher  note.  The  wave-length  of  this  note 
is  four-thirds  times  the  length  of  the  pipe.  In  C,  the  next 
case,  the  wave-length  is  four-fifths  of  the  length  of  the  pipe. 
In  D,  the  next  case,  it  is  four-sevenths,  etc. 

All  this  shows  that  in  a  closed  pipe  the  vibration-numbers 
of  the  fundamental  tone  and  the  overtones  (§  337)  are  to 
each  other  as  the  numbers  1,  3,  5,  7,  etc. 

Fig.  236  shows  the  nodes  in  an  open  pipe  giving  out  (A) 
its  fundamental  tone,  (B)  its  first  overtone,  (C)  its  second 
overtone,  etc. 

The  wave-length  of  the  fundamental  tone  is  equal  to 
twice  the  length  of  the  pipe,  that  of  the  first  overtone  is  the 
length  of  the  pipe,  that  of  the  second  overtone  is  two-thirds 
the  pipe-length,  etc.  The  corresponding  vibration-num- 
bers are  to  each  other  as  the  niunbers  1,  2,  3,  4,  etc. 

If  there  are  two  and  only  two,  nodes  in  a  pipe,  there  is 
condensation  at  one  when  there  is  rarefaction  at  the  other. 
If  there  are  three  and  only  three,  there  is  condensation  at 
the  middle  node  when  there  is  rarefaction  at  the  other  two, 
etc. 

Midway  between  the  nodes  the  air  moves  alternately  up 
and  down  a  very  slight  distance,  with  very  httle,  if  any, 
change  of  density. 

If  a  hole  in  the  side  of  a  vibrating  pipe  is  opened  half- 
way between  two  nodes,  the  soimd  is  not  changed.  If  a 
hole  is  opened  at  one  of  the  nodes,  condensation  and  rare- 
faction can  no  longer  occur  there ;  the  place  ceases  to  be  a 
node,  and  the  note  given  by  the  pipe  suddenly  changes 
pitch. 


Many  wind-instruments  have  side  openings  which  & 
closed  at  will  by  the  player.  Another  device  for  changing 
the  pitch  of  the  note  from  such  instruments  is  to  blow  mth 
greater  or  less  force  at  the  mouthpiece. 

These  facts  can  be  illustrated  by  use  of  an  organ-pipe 
with  properly  placed  openings  and  stops  (No.  XCVI). 

341.  Quality  of  Sound  due  to  Overtones. — ^The  quality 
of  any  musical  somid  is  due  to  the  number,  kind,  and  rela- 
tive strength,  of  the  overtones  which,  together  with 
fundamental,  constitute  the  sound.  This  has  been  proved 
both  by  analyzing  sounds  such  as  those  of  the  human  voice, 
of  organ-pipes,  etc.,  into  -their  component  tones,  and  by 
uniting  many  separate  simple  sounds  to  form  a  compound 
sound.  Any  sound  which  is  caused  almost  entirely  by 
vibrations  of  a  single  rate,  that  is,  sound  which  is  nearly 
destitute  of  harmonics,  is  comparatively  thin  and  lacking 
in  mellowness  and  richness. 

EXPEHIMEHT. 
Sound  ft  tuning-fork,  for  exaniple  the  "middle-C,"  or  the  "violin- 
C,"  fork,  allemately  with  the  soaometer-wire  tuned  to  the  same 
pitch     The  wire  should  be  plucked  about 
of  iiiB  total  length  from  one  end,  in  order  to 
monies.    Compare  the  rich  sound  of  the  w 
of  the  fork. 

OUESTioirs  Aim  probleus. 
(Assume  a  temperature  of  0°  C.  for  the  air  in  the  following  prob- 
lems if  nothing  is  said  to  the  contrary.) 

(1)  Find  the  temperature  at  which  sound  will  travel  in  air  3400 
meters  in  10  secouds,  the  velocity  at  0°  C.  being  332  ra.  per  second! 
See  §  322. 

(2)  How  long  after  the  flash  of  a  gun  is  seen  would  its  report  be 
heard,  it  the  temperature  were  0°  and  the  distance  of  the  obsenf 
from  the  gun  were  1.5  kilom.?     Light  will  traverse  this  d 
almost  iiistantaueousty. 


le-eighth  or  one-ninth 
ve  a  full  aeries  of  har- 
:  with  the  thin  Bound 
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(3)  How  much  louder  is  a  sound  at  a  point  40  ft.  from  its  origin 
than  it  is  at  a  point  100  ft.  distant? 

(4)  On  a  day  when  the  temperature  is  20°  C.  a  man  sets  his  watch 
by  the  striking  of  a  clock  2000  meters  away.  Determine  to  the  ^ 
of  a  second  the  error  due  to  distance. 

(5)  A  cannon  2  miles  distant  from  an  observer  is  fired  and  he  sees 
the  flash.  The  wind  is  blowing  10  miles  an  hour  from  the  man  to 
the  cannon.  How  many  seconds  after  the  flash  does  the  soimd  of 
the  report  reach  him,  the  temperature  of  the  air  being  30°  C? 

(6)  In  order  to  ascertain  the  distance  of  a  cliff  a  gun  was  fired  and 
the  time  taken  imtil  the  echo  was  heard.  The  time  was  foimd  to 
be  50  seconds.  The  thermometer  stood  at  10°  C.  Determine  the 
distance  of  the  cliff. 

(7)  Describe  carefully  any  method  which  you  have  used  for  meas- 
uring the  velocity  of  soimd. 

(8)  Do  soimds  of  high  or  low  pitch  travel  faster?  How  does  the 
soimd  of  distant  music  illustrate  your  answer? 

(9)  What  will  be  the  length  of  the  resonant  air-column  that  will 
respond  most  loudly  to  a  fork  of  220  vibrations  per  second?  Neg- 
lect the  influence  of  the  diameter  of  the  tube. 

(10)  If  the  velocity  of  soimd  in  hydrogen  is  4  times  what  it  is  in 
air,  what  must  be  the  length  of  a  tube  filled  with  hydrogen  which 
will  respond  to  a  fork  making  480  vibrations  per  second? 

(11)  An  open  pipe  I  ft.  long  is  foimd  to  respond  to  the  note  C. 
How  much  must  be  cut  off  to  cause  it  to  respond  to  the  note  G? 

(12)  If  the  pipe  in  the  previous  example  had  been  closed,  how 
much  must  have  been  cut  off? 

(13)  A  person  pumping  water  from  a  well  sometimes  detects 
among  the  various  soimds  that  attend  the  operation  one  that  changes 
in  pitch  as  the  water  rises  in  the  pipe.  How  can  this  be  accoimted 
for? 

(14)  If  a  tube  4  cm.  in  diameter  and  0.5  m.  long  responds  most 
loudly  to  a  certain  fork,  what  is  the  wave-length  for  the  tone  of  that 
fork? 

(15)  Why  does  the  soimd  of  a  circular  saw,  cutting  through  a 
board,  grow  lower  in  pitch  as  the  saw  enters  the  board? 

(16)  Just  how  could  the  sonometer-wire  be  set  vibrating  in  four 
loops?  in  five  loops?     How  many  nodes  would  there  be  in  each  case? 

(17)  In  a  sonometer-wire  1  m.  long,  find  the  lengths  of  wire  to  give 
the  first  five  harmonica  of  the  fundamental  tone  of  the  ^VioVe  Vvt^. 
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(18)  Why  are  violin-strings  bowed,  and  piano-wires  struck,  near 
an  end  rather  than  at  the  middle? 

(19)  If  a  certain  tone  is  sung  loudly  over  the  sounding-board  ^f  a 
piano,  what  wires  will  respond?  If  there  is  any  difference  in  the 
loudness  of  the  responses,  what  will  be  the  order  as  regards  loud- 
ness? 

(20)  A  certain  musical  note  is  caused  by  256  vibrations  per  second. 
How  many  vibrations  will  be  necessary  to  produce  its  fourth  (§  335, 
foot-note)?  its  fifthf  its  octavef 
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EXPERIHEHT. 

Take  several  small  pieces  of  very  soft  wrought  iron,  horeeahoe- 
nnilB  tor  instance,  and  test  them  among  themselves  to  see  whether 
they  will  exhibit  any  magnetic  power.  Then  lift  one  of  them  by 
meuna  of  a  strong  bar-magnet  and  apply  one  end  of  a  second  nail  (<i 
the  lower  end  of  the  one  so  lifted.  If  the  second  nail  remains  sus- 
pended by  magnetic  action,  attat'h  a  third  to  it,  and  so  on  until  the 
chwn  so  formed  breaks.  Finally,  after  removing  all  the  nails  [rom 
the  neighborhood  of  the  magnet,  t«st  them  ogiun  among  themaelvca 
for  evidences  of  magnetization. 

344.  Magnetic  Needle :  Magnetic  Compass. — ^A  Blender 
magnet  suspended  by  a  flexible  fibre  or  balanced  upon  a 
sharp  point,  so  aa  to  be  free  to  turn  in  a  horizoiitat  plane, 
is  called  a  magnetic  needle. 

It  has  been  known  to  Europeans  for  about  seven  centuries, 
and  possibly  to  the  Chinese  for  some  thousands  of  years, 
that  a  magnetic  needle  in  coming  to  rest  after  any  disturb- 
ance always  tends  to  a  position  in  which  its  length  will  be 
in  a  general  north  and  south  direction.  At  some  parts  of 
the  earth's  surface  the  needle  points  somewhat  to  the  west 
of  north,  in  others  somewhat  to  the  east  of  north;  and  its 
exact  direction  of  pointing  at  any  one  place  on  the  earth's 
surface  varies  from  century  to  century. 

EXPERIMENT. 

By  means  of  an  observatioa  of  the  North  Star,  or  any  other  con- 
venient method,  lay  off  upon  o  table  in  the  laboratory  a  true  north 
and  south  line.*  Then  note  how  many  degrees  to  the  west  or  east 
of  this  line  the  north  end  of  the  magnetic  needle  points. 

An  instrument  in  which  a  magnetic  needle  is  placed 
within  or  over  a  graduated  horizontal  circle,  so  that  the 
turning  of  the  needle  from  its  normal  position  may  be  at 
once  read  off  in  convenient  divisions  of  the  circle,  is  called 
a  magnetic  compass.    The  mariner's  compass,  by  which  the 

•  For  methods  of  doing  this  se 
son's  Theory  and  Practice  of  Sur 
York. 
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a  flymmetrical  magDetic  needle  is  saqpended  by  tu  mkkUr 
80  as  to  be  fiee  to  turn  in  a 
vertical  plane  as  wdl  as  in  a 
horizontal  (dane,  one  end  of 
the  needle  win,  at  most  parts 
of  the  earth's  surface,  hang 
lower  than  the  other  end. 
(See  Ilg.  237.)  At  most 
places  in  the  Northern  Hem- 
isphere the  north-seeking 
end  of  the  needle  win  hang 
low;  at  most  places  in  the 
Southern  Hemisphere  the 
south-seeking  end  will  hang 
low.  In  either  case  the  needle 
is  said  to  indine,  or  dip. 

In  general,  as  one  goes  north  the  north-seeking  end  of 
the  needle  will  dip  more  and  more;  and  at  some  place  in 
the  far  north  it  will  point  straight  down.  This  place,  which 
is  called  the  north  magnetic  pole  of  the  earth,  is  not  at  the 
geographic  north  pole.  Somewhere  in  the  far  south  is  a 
corresponding  south  magnetic  pole,  where  the  south-seeking 
end  of  the  magnet  would  point  straight  do\niwartl. 

The  foUovi-ing  experiment  shows  that  the  earth  has  the 
jx)wer  of  magnetizing  iron.  The  earth  is,  in  fact,  a  mag- 
net, and  the  ** natural*'  magnetic  power  with  which  the 
loadstone  is  found  endowed  has,  no  doubt,  been  imparted 
to  it  by  the  magnetic  action  of  the  earth  as  a  whole. 

What  makes  the  earth  magnetic  is  not  certainly  known, 


Fig.  237. 
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although  various  theories  to  account  for  its  condition  have 
been  proposed. 

EXPERIMENT. 

Hold  a  bar  of  very  soft  iron,  /  (Fig.  238),  about  50  cm.  long^u 
a  vertical  position,  and  move  the  upper  end  of  it  slowly  toward  tiK 
side  of  a  delicately  pivoted  magnetic  needle,  Af ,  noting  the  diredkn 
in  which  the  needle  is  thereby  deflected. 

Then  move  the  lower  end  of  the  bar  toward  the  side  of  the  needle^ 
and  note  the  direction  of  the  effect. 

Invert  the  bar,  and  repeat. 


Fig.  238. 

The  process  of  magnetization  can  be  helped  on  by  tapping  the  bar 
smartly  with  a  heavy  stick  while  it  is  in  the  vertical  position- 
To  show  this,  hold  one  end  of  the  vertical  bar  at  such  a  distance 
from  the  needle  as  to  produce  a  rather  small  deflection  before  the 
bar  is  struck,  and  then  note  the  increase  of  deflection  produced  by 
the  striking.* 

*  When  a  magnet  is  under  the  influence  of  forces  tending  to  demag- 
netize it,  jarring  promotes  demagnetization 
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346.  Poles  of  Qrdiiuuy  Kagnets;  Magnetic  Rqnikioii. 

-If  one  takes  an  oniinan-  bar-niasnet  an'l  firps^enis  <iiilpr- 
nt  parts  of  it  in  turn  to  one  enii  of  a  nia^etic  needle,  it 
dll  be  found  that  the  enri*  have  much  more  effect  than  the 
liddle.  A.S  in  the  ca>e  f*i  the  earth  we  Fpeak  of  tvo  maf;- 
etic  poles  from  which  the  magnetic  influences  appear  to 
ome,  so  in  the  case  "f  the  bar^iaenet  we  call  the  two 
sgions,  usually  near  the  en^ls.  in  which  the  peculiar  powv 
f  the  magnet  seems  to  lie.  the  polt*  of  the  ma^iet. 

If  we  present  the  two  emU  of  a  bar-niaicnet  in  turn  to 
he  magnetic-needle,  we  shall  find  that  one  end  attracts  the 
orth-seeking  point  of  the  needle  and  repels  the  soutb- 
eeking  point,  while  the  other  end  of  the  magnet  repels  the 
lorth-seeking  point  of  the  needle  and  attracts  the  soutb- 
eeking  point. 

If  we  now  float  the  magnet  on  water,  on  a  board  just 
irge  enough  to  carr>-  it  safely,  or  saspend  it  properly,  we 
hall  find  that  the  jxJe  which  repelled  the  r-*.nh-f*fiin£ 
ole  of  the  neeiUe  ^^ill  itself  point  north.  We  cr.'Lcl>i5-. 
hen,  that  poks  which  repd  €ach  other  qt^.  olik^.  ar.  i  that 
oles  which  attract  each  rAher  are  urdik*. 

347.  Law  of  Inverse  Sqtiare. — By  m#^r.-  ^f  cir*-f .-  ar.-d 
elicate  experiments  upon  the  attract i^'-rj?  ar.d  z^ryij-'v^A 
xertecl  by  the  pfJes  of  magnet?,  it  ha-  l>^r.  i'-\:.'i  \:^\ 
lese  attractions  and  repulsions  are.  r.Tr.*-r  :h:-'.^-  'r^-JLjp 
ijual.  inversely  proportional  to  the  *quare  of  r>-^  ^ijsji'^j'a 
^ween  the  mutually  acting  parts. 

For  example,  if  two  prJes  or.e  u^r.  hyoT'.  'srr.zw.  f^/r. 
ther  with  a  certain  force  F.  the  sair.e  \^-.\^  -f-'i.hz.  *.  *  .  f*^". 

part  will  attract  each  other  \i-ith  a  f ' ^rce  /"  /  .— .;  =  -,  ^  - 

348.  Opporitit  Kinds  of  Magnetism.— Tr>r ;.."  :>^r*v  -,-: 
irtar'    '  pet  attract.^  '.r  rep*:!.-,  Ir  *t^^.  i--o^ 
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ttOiam.  To  ^tc  it  a  name  does  not  explain  the  property, 
but  the  name  is  a  eoDvenience. 

As  then  are  two  kinds  of  magnetic  poles,  so  we  must 
recognise  two  kinds  of  magnetism. 

Docs  a  mafnet  ha\'e  equal  amoimts  of  the  two  kinds  dS 
magnetism?  The  following  experiment  would  help  io 
answer  tMs  question: 

EXPERIHEHT  i. 

Retamingto  the  Boating  magnet  (§  346),  not«  whether  itteadEOt 
a  vhaU  to  drift  either  toward  the  north  or  toward  the  south. 

Try  this  experimeot  wiUi  a  variety  of  magnets,  and  note  whet];H 
may  of  tinem  move  as  a  idude  in  dtber  direction,  taking  care  in  all 
cases  to  have  Ibe  magnet  at  rest  when  the  expeiiment  begins,  aoi 
having  the  sutfaoe  of  water  as  large  as  practieable. 

The  float  should  be  the  lightest  that  will  bear  the  magnet  mth 

If,  on  experimenting  carefully  in  this  way,  we  should  find 
a  magnet  which  always  floats  toward  the  north,  we  should 
have  to  explain  it  by  the  supposition  that  this  particular 
magnet  has  more  north-seeking  magnetism  than  soutJt- 
seeking  magnetism.  But  in  fact  no  such  magnets  are 
known. 

This  is  an  interesting  and  rather  surprising  fact.  One 
would  naturally  expect,  after  breaking  at  the  middle  a  long 
magnet  with  a  well-defined  pole  near  each  end,  to  find  each 
half  possessed  of  only  one  kind  of  magnetism  and  one  pole, 
but  this  does  not  happen. 

EXPERIMENT  i. 

Take  some  long,  thin,  piece  ot  hard  steel,  on  old  metal  sftw-blfcte 
for  instance,  and  magnetize  it  by  means  of  the  moat  powerful  nug- 
net  at  hand,  stroking  one  end  of  the  steel  nith  one  end  of  the  mlg- 
net,  and  the  other  end  with  the  other  end  of  the  magnet.  It  will 
now  be  found  that  one  end  of  the  bar  will  attract  the  north-aeddag 
end  of  a  magnetic  needle,  and  the  other  end  repel  it. 

Now  break  the  bur  in  two  at  the  middle.     Test  each  half 


MAGNETISM.  435 

rafcely  by  meaitt  of  the  magnetic  needle.     Does  each  half  show  both 
north-seeking  and  south-eeeking  magnetism? 

Break  one  of  the  halves  in  two,  and  repeat  the  test.  Continue 
ihus  till  the  parts  bec<Hne  too  short  to  be  readily  broken. 

Not  all  poles  are  near  the  ends  of  magnets.  A  saw-blade 
that  has  been  touched  by  one  end  of  a  strong  magnet  near 
the  middle  will  have  three  poles,  one  at  the  middle  and  one 
at  each  end,  the  end  poles  being  like  each  other  and  unlike 
the  middle  pole.  The  strength  of  the  one  middle  pole  \iill 
be  equal  to  that  of  the  two  end  poles. 

349.  Magnetic  Field;  Lines  of  Magnetic  Force. — ^Any 
portion  of  space  in  which  magnetic  force  is  found  is  called 
a  magnetic  field. 

IS,  starting  at  any  point  of  a  magnetic-field,  one  notes 
the  direction  in  which  the  north-seeking  end  of  small  mag- 
netic needle  points,  and  moves  the  needle  bodily  in  this 
direction,  and  if  one  continues  this  process,  changing  the 
direction  of  motion,  if  need  be,  continually  so  as  to  make 
it  at  all  times  agree  with  the  direction  of  pointing,  the 
centre  of  the  needle  will  trace  out  what  is  called  a  line  of 
magnetic  force. 

The  following  experiment  shows  in  a  striking  way 
some  of  the  general  features  of  the  lines  of  force  around  a 
magnet. 

EXPERIMENT. 

Place  one  of  the  bar  magnets  under  a  sheet  of  paper,  and  then 
slowly  sprinkle  iron-filings  on  the  paper. 

Exercise  50  makes  a  more  particular  study  of  lines  of 
magnetic  force.  The  student  should  study  the  diagram 
obtained  in  this  Exercise,  endeavoring  to  explain  all 
its  peculiar  features  in  accordance  with  what  he  has 
learned  about  magnets  and  the  earth's  action  uopn  them. 
He  should  note  whether  any  one  of  the  lines  turns  in 
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such  a  way  as  to  cross  itself  or  lead  back  to  its  own  start- 
ing-point. 

Nails  or  screws  in  the  table-top  may  affect  the  lines  in 
places. 

EXERCISE  50.* 
LINES  OF  FORCE  NEAR  A  BAR  MAONET, 

Apparatus :  A  bar  magnet  (No.  97).  A  small  compass  (No.  98). 
A  sheet  of  paper  about  50  cm.  square. 

Fasten  the  sheet  of  paper  on  a  table,  and  lay  the  magnet  on  the 
middle  of  the  sheet,  the  north-seeking  pole  pointing  north.  Place 
the  small  compass  at  the  extreme  northeast  comer  of  this  magnet, 
and  then  move  it  away  in  the  exact  direction  in  which  the  compass- 
needle  points.  Continue  this  movement,  changing  direction  in  such 
a  way  as  to  follow  continually  the  changing  indication  of  the  com- 
pass-needle, until  the  path  reaches  the  edge  of  the  paper  or  returns 
to  the  magnet.  Trace  upon  the  paper  the  line  thus  followed  by 
the  middle  of  the  compass,  putting  arrow-heads  at  several  points 
to  indicate  the  direction  in  which  the  north-seeking  end  of  the  com- 
pass-needle points  at  these  places. 

Then  place  the  compass  a  very  little  distance  from  the  northeast 
corner  of  the  large  magnet  toward  the  middle,  and,  starting  anew, 
trace  another  line,  and  mark  it  as  before. 

Then,  beginning  still  farther  toward  the  middle  of  the  magnet,  do 
as  before. 

Finally,  start  not  more  than  3  or  4  cm.  from  the  middle  of  the 
magnet  and  trace  a  line. 

Trace  a  line  beginning  at  the  southeast  comer. 

Trace  an  equal  number  of  lines  on  the  western  side  of  the  magnet. 

Trace  upon  the  paper  the  outline  of  the  magnet  as  used,  marking 
the  position  of  its  north-seeking  end.  Trace  also  an  arrow  showing 
the  direction  north. 

350.  Theory  of  Magnetism. — Putting  together  what  we 
have  learned  in  the  preceding  sections,  we  can  form  some 

*  Jarring  magnets  or  touching  like  poles  together  may  weaken  the 
magnetism.  When  the  magnets  are  not  in  use,  it  is  well  to  keep 
them,  well  apart,  in  a  kind  of  rack,  the  north-seeking  ends  pointing 
downtvard. 


MAGNETISM.  437 

theory  of  the  nature  of  magnetism.  The  fact  that  the 
lines  of  force  of  an  ordinary  bar  magnet  come  from  or  return 
to  its  ends,  the  middle  having  little  or  no  effect  upon  the 
needle,  seems  at  first  to  show  that  the  ends  only  are  mag- 
netized ;  but  when  we  find  that  such  a  magnet  if  broken  at 
the  middle  at  once  shows  opposite  poles  at  the  break,  and 
when  we  find  that  every  magnet  has  equal  quantities  of  the 
two  kinds  of  magnetism,  we  are  led  to  conclude  that  a 
magnet,  instead  of  having  all  its  magnetism  confined  to  the 
poles,  is  magnetized  with  opposite  poles  in  its  smallest  par- 
ticles— is  made  up,  in  fact,  of  particles,  or  molecules,  each 
one  of  which  is  endowed  with  equal  quantities  of  the  two 
opposite  kinds  of  magnetism. 

If  we  conceive  of  a  bar  magnet  as  made  up  of  such  par- 
ticles (see  Rg.  239),  with  their  north  poles  all  pointing  in 
the  same  general  direction,  we  can  see  that  in  the  middle  of 
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the  bar  the  north  pole  of  any  particle  is  sure  to  be  very 
near  the  south  pole  of  some  other,  so  that  this  part  of  the 
bar  will  have  little  or  no  action  upon  outside  bodies.  At 
either  end  of  the  magnet,  however,  there  is  a  surface  made 
up  of  poles  all  of  the  same  kind,  and  so  from  the  ends  comes 
the  power  which  affects  the  needle. 

Breaking  the  bar  at  the  middle  merely  separates  two  sur- 
faces, which,  one  being  made  up  of  north  poles  and  the 
other  of  south  poles,  neutralize  each  other  while  in  contact, 
but  have  each  the  power  of  attraction  or  repulsion  when 
separated. 

As  to  the  magnetization  of  the  molecules  themselves,  it 
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seems  likely  that  it  is  natural  or  permanent  in  them^  so  that 
the  act  of  magnetizing  a  bar  is  merely  a  process  of  arrnnq- 
ing  the  molecular  magnets  of  which  it  is  composed. 

It  is  thought  that  this  magnetism  of  the  molecules  may 
be  due  to  electric  currents  ivithin  them,  not  passing  from 
molecule  to  molecule.  This  theory  cannot  well  be  dis- 
cussed until  after  the  student  has  become  somewliat 
familiar  with  the  common  properties  of  electric  currents. 

351.  Strength  of  Magnetic  Pole  and  of  Magnetic  Field. 
— ^The  unit  magnetic  pole  is  defined  as  a  pole  that  wovM 
act  upon  an  equal  magnetic  pole  at  unit  distance  with  unit 
force. 

We  will  take  the  centimeter  as  the  unit  of  distance  and 
the  dyne  as  the  imit  of  force  in  this  definition. 

A  magnetic  field  (§  349)  is  said  to  be  of  strength,  or 
intensity,  h,  if  a  imit  magnetic  pole  placed  in  it  requires  a 
force  of  h  units  to  prevent  it  from  moving  in  the  direction 
of  the  lines  of  force  of  the  field. 

PROBLEMS. 

(1)  How  great  is  the  repulsion  of  a  unit  pole  upon  a  like  unit  pole 
at  a  distance  of  5  cm.  ? 

(2)  How  great  is  the  attraction  of  a  unit  pole  upon  an  unlike 
5-unit  pole  at  a  distance  of  10  cm.?  How  great  is  the  attraction  of 
the  5-unit  pole  upon  the  unit  pole  in  this  case? 

(3)  How  great  is  the  action  of  a  5-unit  pole  upon  a  10-unit  pole 
at  a  distance  of  20  cm.  ? 

(4)  Four  like  5-unit  poles  are  placed  at  the  comers  of  a  square  10 
cm.  on  a  side,  the  diagonals  of  the  square  extending  east  and  west 
and  north  and  south.  How  great  is  the  resultant  repulsion  of  the 
east  and  west  poles  upon  the  north  pole,  and  what  is  its  direction? 
(Refer  to  the  Parallelogram  of  Forces.) 

(5)  With  the  arrangement  just  described,  how  great  is  the  result- 
ant repulsion  of  the  east,  the  west,  and  the  south  pole  upon  the 
north  pole? 
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(6)  If  a  magnet  having  two  poles  20  cm.  apart,  each  pole  ha>*ing 
a  strength  of  \Qf.\  units,  is  suspended  in  a  horizontal  magnetic  field 
of  intensity  0.2,  describe  some  combination  of  forces  that  will  hold 
the  magnet  at  right  angles  with  the  lines  of  the  field. 

(7)  If  the  magnet  in  the  preceding  problem  were  allowed  to  point 
in  its  natural  direction  in  the  field,  how  great  a  force  would  be  re- 
quired to  prevent  it  from  moving,  as  a  whole,  in  the  direction  of 
the  linc3  of  force  of  the  field? 

(8)  Can  a  bar-magnet  have  its  two  ends  magnetized  alike,  so 
that,  for  example,  both  of  them  will  be  repelled  by  a  north-seeking 
pole?    If  so  how  can  this  state  of  magnetization  be  produced? 


CHAPTER  XXIX. 
ELECTRICITY. 

352.  Historical. — ^It  was  known  to  the  ancient  Greeks 
and  Romans  that  certain  substances  acquire,  when  rubbed, 
the  power  of  attracting  light  objects.  Amber  was  one  of 
these,  and  from  the  Greek  name  of  this  substance, 
T^XeKTpov,  the  name  electricity  was  formed  by  the  English 
philosopher  Gilbert,  who  was  bom  in  1640  and  died  in 
1603. 

It  appears  that  Gilbert  was  the  first  to  make  systematic 
and  extensive  observations  of  electrical  phenomena.  From 
his  time  the  subject  has  grown  in  interest  and  importance 
through  the  invention  of  frictional  electrical  machines,  of 
the  Leyden  jar,  Franklin's  discovery  of  the  identity  between 
lightning  and  electricity,  the  invention  of  the  galvanic,  or 
voltaic  J  cell  (§  369)  about  the  beginning  of  the  last  centun', 
the  work  of  Oersted,  Ampere,  Faraday,  and  a  host  of 
others  more  recent,  until  the  name  electricity  is  now  the 
most  popular  and  fascinating  in  the  whole  vocabulary  of 
physical  science. 

353.  Electrification  by  Friction. — Experiments  T^ith 
electricity  produced  by  friction  are  very  beautiful,  and  of 
great  theoretical  interest,  but  many  of  them  are  trouble- 
some to  perform,  and  their  practical  importance  is  com- 
paratively small.  Those  which  follow  are  selected  partly 
for  the  light  which  they  throw  on  the  phenomena  of  elec- 
tric currents. 
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(1)  On  a  ooldi  dry,  day  rub  a  rod  of  gutta-percha  or  hard  rubber 
mth  a  catskiny  and  then  present  the  rubbed  part  to  small  pieces 
of  paper  or  bits  of  thread  lying  on  a  table. 

(2)  Fasten  two  small  pith-balls  to  the  ends  of  a  dry  silk  thread 
a)>out  15  cm.  long  and  suspend  them  by  the  middle  of  the  thread 
from  any  convenient  support. 

Touch  these  balls  with  the  freshly  rubbed  rod  of  gutta-percha. 
Note  the  behavior  of  the  balls  with  respect  to  the  rod  just  before 
they  are  touched  and  just  after.  Note  also  their  behavior  with 
respect  to  each  other  after  they  are  touched  by  the  rod. 

If  they  act  in  an  unusual  manner,  it  is  because  they  have  become 
electrified,  or  "charged  with  electricity,"  by  the  rod. 

(3)  Rub  a  smooth  glass  rod  vigorously  with  a  piece  of  silk,  and 
present  the  rubbed  part  to  the  suspended  pith-balls  still  charged 
from  the  gutta-percha.  Note  their  behavior  before  and  after  being 
touched  by  the  glass. 

What  evidence  do  you  find  in  these  experiments  that 
there  are  two  kinds  of  electrification?  Is  there  attraction 
or  repulsion  between  bodies  similarly  electrified?  between 
bodies  oppositely  electrified? 

354.  Nature  and  Elinds  of  Electricity. — There  has  been 
a  difference  of  opinion  as  to  whether  electricity  is  or  is  not 
a  substance.  A  century  ago,  when  heat  and  light  were 
believed  to  be  weightless  fluids,  electricity  was  classed  with 
them  as  a  substance.  Later,  when  it  was  shown  that  heat 
and  light  were  not  substances,  but  mere  "modes  of  motion," 
in  which  the  particles  of  matter  are  involved,  the  notion 
gained  currency  that  electricity  was  a  mode  of  motion, 
rather  than  a  substance  by  itself.  During  recent  years 
belief  in  the  existence  of  electric  substance,  or  substances, 
has  been  growing  again. 

It  is  shown  by  the  experiments  preceding  that  there  are 
two  kinds,  or  states,  of  electrification ^  and  that  bodies  may 
be  oppositely  electrified,  but  this  does  not  prove  that  there 
are  two  kinds  of  electricity. 
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It  has  been  held  by  some  physicists  that  there  is  only  one 
kind  of  electricity.  According  to  their  theory  all  bodies  in 
their  normal,  apparently  unelectrified,  state  are  endowed 
with  a  certain  quantity  of  electricity,  any  addition  to  which 
produces  one  kind  of  electrification,  and  any  subtractioD 
from  which  produces  what  we  call  the  opposite  kind  of 
electrification.    This  is  the  so-called  one^fluid  theory. 

Other  authorities  have  held  that  there  are  two  kinds  of 
electricity,  and  that  in  the  normal  state  a  body  is  endowed 
with  equal  quantities  of  the  two  kinds,  which  neutralise 
each  other.  According  to  this  theory  a  state  of  electrifica- 
tion is  produced  by  making  either  kind  of  electricity  on  the 
body  exceed  the  other  in  amount,  the  nature  of  the  electri- 
fication being  this  or  that  according  as  one  kind  or  the  other 
of  the  two  electricities  is  in  excess.  This  is  called  the  two- 
fluid  theory. 

The  nature  of  electricity,  and  the  question  whether  there 
are  two  kinds,  is  still  in  debate,  but  in  describing  electrical 
phenomena  there  is  great  convenience  in  using  the  language 
of  the  two-fluid  theory,  and  such  language  will  be  freely 
userl  in  this  book. 

355.  Positive,  or  'WtreouB,  and  Negative,  or  Resinous. 

— ^We  shall,  following  custom,  speak  of  the  state  into  wtiich 
sealing-wax  or  any  other  resinous  substance  is  brought  by 
rubbing  with  catskin  as  being  due  to  a  charge  of  resinous, 
or  negative,  electricity,  and  the  state  of  a  glass  rod  rubbed 
with  silk  as  due  to  a  charge  of  ■mtreaua,  or  positive,  elec- 
tricity. 

It  is  customary  to  arrange  a  considerable  number  of 
articles  in  a  list,  and  state  that  any  one  of  them  becomps 
electrified  positively  when  rubbed  with  another  farther 
down  the  list,  and  negatively  when  rubbed  with  one  farther 
up  the  list.     Such  a  list  is  given  Iwlow. 
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If  the  lists  ^ven  by  different  books  are  compared  they 
will  probably  be  found  not  to  agree.  The  fact  is  that  the 
surface  condition  of  a  body  of  given  material  has  much  to 
do  with  its  electrical  behavior  when  rubbed.  For  example, 
as  the  following  table  indicates,  silk  is  negative  with  re- 
spect to  smooth  glass,  but  is  sometimes  positive  with  re- 
pect  to  roughened  glass.  The  two  sides  of  a  glass  plate, 
ground  on  one  side  and  smooth  on  the  other,  may  be  used 
to  show  this  fact. 

1.  Fur  of  cat.  4.  Feathers.        7.  Silk. 

2.  Polished  glass.     5.  Wood.  8.  Shellac. 

3.  Woolen  stuffs.     6.  Paper.  9.  Rou^  glass. 

356.  Conductors  and  Insulators. — ^If  one  attempts  to  re- 
peat Experiments  (2)  and  (3)  of  §  353,  using  a  very  thin  wire 
or  a  cotton  thread  or  a  wet  silk  thread  for  suspending  the 
pith-balls  on  a  metal  support,  in  metaUic  connection  i%ith 
the  ground,  it  will  be  found  that  the  balls  do  not  retain 
thrir  charge  as  they  did  before.  The  explanation  is,  that 
the  charges  escape  along  the  thread  or  ^ire  to  the  supp^irt, 
and  so  is  lost.  Materials  which,  wiihovt  moticm  of  tlmr 
own,  can  serve  as  avenues  of  escape  for  an  electric  duirge, 
are  called  ooxductdrs  of  eiedtricUy.  MaiervaU  which  canr 
not  serve  this  purpose  are  called  xox-<x>XDUCTOKi!>,  or  in- 

BtTLATORS. 

Metals  are  the  best  conductors,  and  resinous  aud  vitre^juj5 
substances  are  among  ihe  best  inji^ulators,  Xo  i^ttrf^tX 
insulator  is  known,  and,  on  the  other  hand,  there  ift,  aiJiydr- 
ently,  no  perfect  conductor, — no  crmductr^r  which  in  not 
somewhat  heated  by  the  psLnssL^  of  electricity  tfarougl^i  it, 
thus  showing  that  it  offers  a  certain  amount  of  resistaxijce  * 
to  the  movenent. 

*  It  is  thouf^  however,  that  molecular  eurreguts  cf  i 
not  pfiriiii£  from  one  Boolenile  to  aitcnLer,  ma v  exhgi  vxtfii 
himI  80  ctfr^^'"'*  mdetmuAy  tivdr  xixy  are  ouoe  set  upu 
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357.  The  Gold-leaf  Electroscope. — The  pair  of  pith- 
1  III) In  HtiH|N*ii(lr(l  l)y  a  silk  thread  use^i  in  §  353  is  sometimes 
I'll  1 1*  m1  an  thrtrosrojM'f  for  the  rea.s<^>n  that  it  enables  us  to 
«li»tiM't,  i»r  make  evident,  an  electric  charge;  but  for  more 
ilrlirate  e\|M*riinentH  a  more  sensitive  instrument  is  needed. 
riuN  is  (n\\\u\  in  the  (foM-leaf  electroscope  shown  in  Fig.  240. 
d'  may  In*  an  oiH»n-toi)f)ed   glass   receiver ,  such  as  is 

fr(K|ucntly  used  with  air-pumps, 
fitttnl  at  the  top  with  a  cork,  c.  Bis 
a  disk  *  of  metal,  usually  brass,  per- 
ha|)s  12  or  15  cm.  in  diameter,  from 
\vhi(*h  a  metal  rod,  r,  reaches  down- 
ward through  the  cork.  The  upper 
ends  of  the  strips  of  thin  gold-foil, 
//  (the  thuuiest  used  by  dentists), 
aix^  on>wdetl  into  a  narrow  slot 
^  sawtxl  in  the  lower  end  of  r,  so  that 
-'•  TV.ort^  is  s^xhI  metallic  contact  from 
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.       .  XV    w   ,'.  i.     ■-*  '.V7/^A  i-r  c^-iss?  over  Tho  oloctroscope, 
s   > .    ■■    ^     ^  ,  ■-",'.  *.c  A".  ".v.:V.  v^r  :wv^  a:x^ve  B.    Then 

..    w    ..   >  '.-.v.-k  a-^vt:**  :::v.05^     Are  i he  leaves /i 

V    •■  ^  '       -v    •.■•..•-■*•■.  x^  .  "■;  Vi  .*:!<  *     IV  •:r.ty  vOiitinue  to 

'-     -^    vv*  »  V    .x.«  .1.'.'         ;^.*.ryr:vl  :S:y  .-a-  V«e  restored 
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lard  csrefully  against  the  action  upon  the  electroscope  of  possible 
n  the  clolhing.     The  e\perimenler  should  frequently  test 
a  charg:e  upon  hb  sleeve  by  holding  his  ami,  trilhaul  Ihe  charyrd 
over  the  plalc  B,  the  flectroscope  being  prerimishi  dischargrd.) 

3S8.  Electric  Induction.— In  |  353  pith-balls  were 
larged  from  an  electrified  rod  by  direct  communication. 
In  g  357  the  electroscope  was  charged,  temporarily,  with- 
•■out  contact  with  the  electrifies!  rod ;  but  the  fact  that  its 
charge  diaappears  when  the  rod  is  removed  indicates  that  it 
really  receives  nothing  from  the  latter  save  a  certain  influ- 
ence which  throws  it,  for  the  time  being,  into  a  peculiar 
Btate  of  electrification  without  really  changing  the  amount 
of  electricity  upon  it.  This  operation  is  called  electrifica- 
tion by  induclion. 

One  can  readily  understand  that,  if  every  body  is,  in  ita 
normal  condition,  endowed  with  a  certain  quantity  of  posi- 
tive electricity  and  a  certain  quantity  of  negative  electricity, 
the  approach  of  a  charged  body  may  produce  in  the  electro- 
scope, previously  imcharged ,  a  redistribution  of  its  electrici- 
ties, one  kind  being  drawn  toward  the  approaching  charged 
body,  wliile  the  other  is  repelled  into  the  leaves.  If,  on  the 
other  hand,  one  holds  that  there  is  only  one  kind  of  elec-  ■ 
tricity,  one  may  suppose  that  the  approach  of  a  body  having 
more  than  its  normal  amount  will  repel  the  electricity 
of  the  electroscope  into  the  leaves,  and  that  the  approacli 
of  a  body  having  less  than  its  normal  amount  will  attract 
the  electricity  of  the  instrument  into  the  plate  S,  either 
event  putting  the  leaves  into  condition  to  repel  each  other. 
Whichever  theoTy  one  adopts,  experiment  shows  that  a 
redistribution  of  electricity,  and  nothing  more,  does  take 
place  at  the  approach  of  the  charged  body. 

But  can  we  now  find  some  mean.s  of  charging ; 
permanently  by  the  aid  of  such  induction?  i 
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EXPERIMEHT. 

Put  the  plate  of  the  electroscope,  B  (Fig.  240),  into  good  dectiical 
connection  with  any  large  conductor,  the  body  of  the  experimenter, 
for  example,  or  the  earth  itself  by  means  of  water-pipes  or  gas-pipes, 
and  then  bring  the  charged  rod  toward  B.  Break  the  connectioii  aft 
B  while  the  charged  rod  is  still  held  near.  Do  the  leaves  now  show 
any  evidence  of  a  charge  after  the  rod  is  removed? 

If  any  charge  remains,  is  it  of  the  same  kind  as  that  on  the  charg- 
ing-rod?  To  answer  this  question,  bring  the  charged  rod  *  again 
toward  B,  and  notice  whether  the  first  effect  of  its  approach  is  an 
increase  or  a  decrease  of  the  divergence  of  the  gold-leaves.  K  it  is 
an  increase,  the  charge  on  the  leaves  is  like  that  on  the  rod;  if  a 
decrease,  the  charge  on  the  leaves  is  unlike  that  on  the  rod. 

The  explanation  of  the  permanent  charge  obtained  in 
this  experiment  is  that  the  charge  on  the  approaching  rod 
drives  electricity  of  its  own  kind  from  the  metal  of  the 
electroscope  to  the  larger  conductor,  and  attracts  electricity 
of  the  opposite  kind  from  the  larger  conductor  to  the  elec- 
troscope. 

359.  The  Electrophorus. — This  instnunent,  the  action 
of  which  depends  upon  induction,  is  very  convenient  for 
supplying  electricity  with  which  to  charge  conductors  of 
moderate  capacity.  It  consists  usually  of  a  shallow  metal 
pan  (P,  Fig.  241),  which  may  be  about  25  cm.  in  diameter, 
containing  r,  a  quantity  of  resin  or  other  similar  material 
(which  had  been  poured  in  while  hot  and  has  cooled  in 
place,  forming  a  smooth  hard  surface),  and  a  flat  circular 
plate  of  metal,  C,  somewhat  less  in  diameter  than  the  pan, 
furnished  with  an  insulating  handle  of  glass  or  hard  rubber. 

*  If  there  is  a  charge  on  the  electroscope,  the  approach  of  an  uneUc- 
trified  conductor — the  hand  of  the  experimenter,  for  instance— 
toward  the  plate  B  may  cause  the  leaves  to  approach  each  other, 
for  the  charge  already  on  the  electroscope  induces  a  charge  upon 
the  approaching  conductor,  and  is  itself  somewhat  changed  in  con- 
sequence. To  avoid  error  from  this  cause  the  charged  rod  should 
be  a  long  one,  so  that  the  hand  need  not  come  near  B. 
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To  prepare  this  apparatus  for  use,  the  resinous  surface 
is  rubbed  with  a  dry  catskin,  and  thus  acquires  a  charge 
of  negative  electricity.  The  metal  disk  is  then  placed 
upon  this  surface.  If  the  two  fitted  each  other  perfectly, 
the  metal  plate  would  become  charged  with  the  same 
kind  of  electricity  as  the  surface  upon  which  it  rests;  but 
the  two  surfaces  really  touch  at  certain  points  only,  and  so 


_      c 


p 

Fig.  241. 
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the  negative  charge  upon  the  resinous  plate  induces  a  posi- 
tive charge  on  the  lower  surface  of  the  metal  plate  and 
repels  some  of  the  negative  electricity  to  the  upper  surface. 
If  this  upper  surface  is  now  touched  for  an  instant  by  the 
hand  of  the  experimenter,  negative  electricity  escapes,  and 
when  the  plate  is  lifted  it  carries  a  positive  charge,  which 
may  be  used  to  charge  other  conductors.  The  resinous 
plate  meanwhile  has  suffered  little  loss,  and  the  operation 
may  be  repeated  many  times  without  recharging  it. 

360.  Self-reptilsion  of  Electrical  Charge:  Discharging 
Action  of  Points. — ^The  self -repulsion  of  an  electrical  charge 
spreads  it  over  the  ovier  surface  of  the  conductor  upon 
which  it  rests. 
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EXPERIMEHT. 

Charge  an  insulated  hollow  metal  sphere  (No.  CX;  see  Fig.  242) 
by  means  of  the  metal  plate  of  the  electrophorus,  mAlfing  several 
contacts  if  necessary. 


Fig.  242. 

Take  a  metal  ball,  5,  about  1.5  cm.  in  diameter,  mounted  on  an 
insulating  handle  about  15  cm.  long,  touch  it  to  the  outer  siu^ace  of 
the  hollow  charged  sphere,  and  then  to  the  plate  of  the  gold-leaf 
electroscope,  repeating  the  operation  a  number  of  times  if  the  effect 
upon  the  electroscope  is  not  at  once  e\'ident. 

Discharge  the  electroscope,  by  touching  it  with  the  hand,  and 
then  try  to  charge  it  by  touching  it  with  the  little  ball  after  this  has 
been  in  contact  with  the  inner  surface  of  the  metal  sphere,  repeating 
the  operation  as  many  times  as  before. 

Does  the  ball  appear  to  get  any  electricity  from  the  inner  surface 
of  the  sphere? 

The  self -repulsion  of  the  charge  tends  to  drive  it  off  from 
the  conductor,  and  great  care  must  be  taken  to  enable  a 
conducting  body  to  retain  its  charge  for  any  great  length 
of  time.  The  escape  takes  place  with  peculiar  readiness 
from  sharp  points,  especially  when  they  are  directed  toward 
other  neighboring  conductors. 

On  the  other  hand,  a  conductor  provided  with  such 
points  receives  electricity  from  neighboring  bodies  more 
leadily  than  one  not  so  provided. 
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361.  Electrical  Potential;  Electrical  Capacity.— There 
is  a  limit  to  the  electrical  charge  which  a  given  electrical 
agent  can  produce  upon  a  given  body. 

If  the  upper  plate  of  an  electrophorus,  after  being  charged 
as  in  the  preceding  article,  is  brought  into  contact  with  a 
piece  of  metal  M  supported  on  a  glass  or  other  insvldting 
stand,  the  insulated  hollow  sphere  already  used,  for  example, 
the  self-repulsion  of  the  electricity  on  the  plate  will  cause 
some  of  it  to  flow  over  upon  M;  but  presently  the  self- 
repulsion  of  the  charge  thus  imparted  to  M  prevents  further 
flow.  The  plate  and  M  are  now  at  the  same  electrical 
potential,  as  it  is  called. 

Definition. — Two  conductors  are  said  to  he  at  the  same 
electrical  potential  when  the  potential  energy  of  a  quantity 
of  electricity  on  one  is  just  as  great  as  the  potential  energy 
of  an  equal  quantity  of  electricity  on  the  other ,  so  that  there 
is  no  flow  of  electricity  from  one  to  the  other  when  they  are 
connected  by  a  conductor. 

If  the  plate  is  repeatedly  charged  and  as  often  touched 
against  Af ,  the  spark  at  contact  of  the  two  will  become  less 
and  less  noisy  imtil  it  is  almost  or  quite  imperceptible.  M 
is  now  charged  about  as  highly  as  it  is  possible  to  charge  it 
from  the  electrophorus  in  its  present  condition. 

If  a  larger  piece  of  metal  than  Af ,  of  the  same  shape, 
were  used,  more  repetitions  of  the  charging  operation  would 
be  necessary  before  the  spark  became  equally  small.  That 
is,  the  larger  body  would  take  more  electricity  than  M  in 
being  charged  to  the  same  potential. 
.  The  larger  body  is  said  to  have  a  greater  capacity  for 
electricity  than  the  smaller. 

Definition. — The  electrical  capacity  of  a  body  is 
measured  by  the  amount  of  electricity  which,  when  given  to  the 
body,  raises  its  potential  a  certain  amount.     (But  see  §  362.) 


Tvice  as  much  dectridty  would  ifuae  its  potenl 
as  much,  and  so  on. 

363.  Condensers:  the  Leyden  Jar.~The 
padty  of  a  conducting  body  does  not  depend  u] 
and  shape  alone.    It  is  much  affected  by  the 
distance  of  other  conductors,  as  the  foDowing 
viUshow. 

BXPERIMENT. 

Take  Ihe  inner  csoatin;,  /  (Rg.  243),  from  a  diBsecting  Leydei 
and  jdace  this  coatmg  upon  a.  glaea  support     Charge  it  by  nteOD 
the  electrophone  plute,  counting 
number    ot    repetitions    nece^aiy 
make  the  charge  complete-,  so  tbat  ■ 
sparlc  at  contact  shaU  be  very  eUgibt 
Discharge  the  coating,  b;  tDudd 
it  with  the  finger  or  otherwise,  and  1 
place  it  in  the  jar.     Connect  the  W 
coating  of  the  jat  with  the  gas-pipM  1 
water-pipes,  or  lL:i,ve  some  person  kef 
his  hand   agmnst  it,   and  repMt  fl 
operation  of  chaining  the  inner  eodfc 
from  the  electrophoruB  plate;  OOVV* 

. before,  the  number  of  contaotfl  ma^ 

p^o  243_  aary  to  make   the   charge  pnetMd% 

complete,  if  this  can  be  done.  ^' 

Compare  the  wmiber  of  contacts  in  the  two  cases,  and  dw^ 

whether  the  capacity  of  the  inner  coating  is  great«r  or  leaa  wteS 

is  in  the  jar. 

Discharge  the  jar  by  means  of  a  discharging-rod  (D,  Fi^  90)r'' 
touching  first  one  knob  to  the  iruter  coating,  and  Uten,  vithMt-^ 
breaking  this  contact,  brining  the  other  knob  to  touch  the  knob  ■ 
the  inner  coating. 

The  Leyden  jar  is  the  most  familiar  form  of  eleotiw 
condemer.    Its  invention  was  su^ested  by  an  aooii 

In  1746,  Cuneus,  a  student  of  physics  at  Leyden, 
took  to  electrify  some  water  contained  in  a 
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which  he  held  in  one  hand.  He  used  an  iron  wire  to  carry 
the  electricity  to  the  water,  and  waa  quite  unconscious  that 
the  charge  communicated  to  the  water  waa  mducing  upon 
his  hand  wliich  held  the  vessel  an  equal  charge  of  the  oppo- 
site kind,  and  that  the  mutual  attraction  of  these  two 
charges  was  making  the  water  take  up  a  much  greater  quan- 
tity of  electricity  than  it  would  have  done  by  itseK.  When 
he  considered  the  water  sufficiently  charged,  still  holding 
the  vessel  in  one  hand  he  attempted  to  remove  the  iron 
wire  with  the  other  hand.  The  jHisitive  and  negative 
charges  united  through  his  arms  and  body,  giving  him  a 
shock  that  frightened  him  greatly.  He  kept  his  wits,  how- 
ever, sufficiently  to  know  how  the  accident  had  happened, 
and  soon  all  the  leading  scientific  men  of  Europe  were 
repeating  the  experiment. 

Before  long,  coatings  of  tin  were  substituted  for  the  hand 
and  the  water,  and  in  thia  form  the  Leydm  jar  has  been 
used  ever  since. 

There  are  many  other  forms  of  electrical  condensers,  but 
they  are  all  essentially  ahke:  two  conductors  separated  by  a 
non-conductor,  the  positive  charge  upon  one  conductor  arid 
the  negative  charge  on  the  other  mutually  attracting  each 
other,  so  that  the  capacity  of  each  cimductor  is  increased  by 
the  'presence  of  the  other. 

The  definition  of  electrical  capacity  given  in  §  361  does 
not  hold  for  the  whole  condenser,  used  as  such.  The 
CAPACITY  OF  A  CONDENSER  t's  meosured  by  the  amount  of 
electricity,  positive  or  negative,  which  goes  to  either  half  of 
the  condenser  while  the  difference  of  potential  between  the 
halves  is  increased  by  a  certain  amount. 

363.  Specific  Inductive  Capacity. — ^The  capacity  of  a 
condenser  depends  upon  the  nature  of  the  non-conductor, 
or  insulator,  as  well  as  upon  the  dimensions  and  shape  of 
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its  parts.  Thus,  two  metal  plates  separated  by  paraflSin 
have  a  capacity  about  twice  as  great  as  that  of  two  similar 
plates  separated  an  equal  distance  by  air. 

The  ratio  of  the  capacity  of  a  condenser  using  any  given 
insulator  to  the  capacity  of  a  like  condenser  using  air  is 
called  the  specific  inductive  capacity  of  that  insulator. 

The  specific  inductive  capacity  of  most,  if  not  of  all, 
solid  or  Uquid  insulators  is  greater  than  that  of  air. 

364.  Machines  for  Production  of  Electrical  Charge.— We 

have  seen  that  electrical  charges  can  be  produced  by  fric- 
tion and  by  induction.  The  apparatus  we  have  used  thus 
far  in  either  method  is  very  simple,  and  very  slow  in  opera- 
tion if  any  large  charges  are  to  be  given.  But  ''machine?.'* 
have  been  invented  and  are  in  common  use  which  make 
much  more  convenient  and  effective  use  of  both  friction 
and  induction. 

365.  Friction-machine. — ^This  usually  consists  of  a  glass 
plate,  mounted  upon  a  horizontal  axis  and  made  to  re- 
volve between  two  soft  pads  which  press  it  on  both  sides, 
covering  only  a  small  part  of  it  at  once.  Electricity  of  one 
kind  appears  upon  the  pads  and  electricity  of  the  other 
kind  upon  the  glass,  as  a  result  of  this  rubbing. 

The  pads  are  covered  with  a  conducting  preparation  by 
which  their  electricity  is  steadily  carried  away.  The  part 
of  the  glass  which  has  just  been  rubbed  by  the  pads  is  by 
the  revolution  brought  near  a  number  of  sharp  metal  points 
which  take  off  its  electricity.  Thus  the  action  is  contin- 
uous, and  comparatively  rapid. 

[366.  The  Induction-machine. — This  machine  appears  in  several 
forms,  but  each  of  them  may  be  described  as  a  continuously  acting 
electrophorus,  or  a  combination  of  such  instruments. 

Every  such  machine  has  one  part  or  more  than  one,  which  corre- 
sponds to  th(  resinous  plate  of  the  electrophorus,  and  is,  like  this 
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plate,  charged  at  the  beginning  of  operations,  by  friction  or  other- 
wise.    Such  parts  are  called  crmatures. 

Every  such  machine  has  something  corresponding  to  the  movable 
metal  plate  of  the  electrophorus.  This  something  is  usually  a  glass 
pLite,  sometimes  provided  with  strips  or  disks  of  metal,  mounted  so 
as  to  revolve  readily  upon  a  horizontal'  axis.  We  shall  call  this 
the  carrier. 

The  particular  form  of  machine  which  will  now  be  described  is 
called  sometimes  the  Voss,  and  sometimes  the  Toepler-Holtz,  ma- 
chine.    It  is  equivalent  to  two  electrophoruses. 

It  has  two  armatures,  AB  and  A'B'  (Fig.  244),  each  consisting  of 


Fig.  244. 


a  strip  of  tin-foil  protected  by  a  covering  of  paper,  fastened  to  the 
back  of  a  stationary  glass  plate,  S,  fixed  in  a  vertical  position. 

A  small  metallic  brush  in  front  of  the  plate  is  in  metallic  connec- 
tion, around  the  edge  of  the  plate,  with  A,  and  a  similar  bnish  is 
Bimilarlv  connected  with  A'. 

Just  above  the  first  brush  there  is  a  horizontal  metal  rod  with  pro- 
jecting short  wires,  which  is  called  a  comb.  Just  below  the  other 
brush  there  is  a  similar  comb.  These  two  combs  are  both  supported 
by  a  rod  of  hard  rubber,  rr';  but  are  not  metallically  connected  with 
each  other. 

The  left-hand  comb  is  metallically  connected  with  the  inner  coat- 
ing of  a  small  Ley  den  jar,  J  (Fig.  246) ;  the  other  comb  is  similarly 
connected  with  the  inner  coating  of  the  jar  J'. 

The  brass  rod  66'  has  at  each  end  both  a  brush  and  a  comb.  One 
end  of  this  rod  is  placed  in  front  of  i?,  the  other  in  front  of  B\ 

The  filaments  of  all  the  brus-hes  and  the  teeth  of  all  the  combs  are 
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".  '  •  '.'  *  •  ■  '  ■'  —  ; :.  .r>  r."  -^  ~  :  ".h-  fm^rr.  ::?  —  charge,  and 
♦  :,^f .  '/'  ;,  -  '.'.';•;'■  .'-,•  *:.•  '".:?.  •■yy'>::^  B  the  disk  may  have 
U.;.-  .  '.',;sri''-  ;.'.'."■;:./■':.  'JV.^-r..  £:■  ::.z  -^..li  to  the  brush  connected 
y/i»h  /I',  th*'  'Jj:/  '•,'.:. \/.:r-  a  —  '^■harjr'-  to  the  left-hand  ammtiire. 
Alu  r  a  f<:y/  nr.'/lijtjorj.i  of  C,  if  the  machine  is  in  good  condHion, 


ELECTRICITY. 


455 


the  process  of  charging  b  complete,  and  frequent  sparks  pass  be- 
tween the  balls  h  and  1/  (Fig.  246). 

The  state  of  charge  can  now  be  tested  while  the  carrier  C  is  in 
motion  by  means  of  the  proof-ball  provided  for  the  occasion  with  a 
small  metal  brush.  This  state  is  probably  that  indicated  by  the  + 
and  —  signs  in  Fig.  245,  although  it  is  not  easy  to  determine  by 
experiment  whether  the  magnitudes  of  the  -{-  and  —  cfiarges  on  the  car- 
rier correspond  to  the  magnitudes  of  the  -{-  and  —  signs  here  shown. 

Exploration  with  the  proof-ball  after  the  carrier  is  stopped  is 
likely  to  give  a  false  idea  of  the  state  of  things  which  exists  when 
the  carrier  is  in  motion. 

It  has  been  already  stated  that  a  pair  of  Leyden  jars  (see  Fig.  246) 
make  a  part  of  this  machine.     The  outer  coatings  of  these  jars  are 
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Fig.  246. 

connected  together  by  a  wire  W.  The  inner  coatings  are  connected 
with  the  balls  b  and  b\  the  distance  between  which  can  be  vari(;d. 

When  the  charge  upon  the  jars  becomes  great  enough,  a  spark 
leaps  between  the  balls,  imiting  the  opposite  charges  of  the  inner 
coatings.  When  this  occurs,  the  positive  and  negative  charges  on 
the  outer  coatings,  which  charges  have  been  kept  apart  by  the  at- 
tractions of  the  inner  charges,  rush  together  along  the  wire  W, 

So  great  is  the  rush  of  this  external  discharge,  that  if  a  second 
wire,  w,  is  made  to  touch  one  of  the  outer  coatings  and  almost  to 
touch  the  other  outer  coating,  leaving  a  narrow  gap,  some  of  the 
current  will  pass  by  this  wire  at  every  discharge,  and  a  small  spark 
wSl  occur  at  the  gap.  This  fact  has  attracted  much  attention,  and 
wSL  be  rrfef**^  ^  later  in  eonnection  with  the  discussion  of  pro- 


367-  Charge  on  Glass  of  Leyden  Jar.— The  induction- 
niochiiie  makes  it  easy  to  charge  I^yden  jars  heaiily. 
A  common  method  of  doing  this  is  to  connect  one  coatinf 
of  the  jar  with  the  rod  r  (Fig.  246),  and  the  other  coating 
u-ith  the  rod  /,  while  the  disk  is  kept  in  rotation. 

The  following  experiment  with  a  dissecting  Leyden  jar  is 
interesting  and  instructive,  as  it  shows  that  the  coatinp 
are  merely  a  convenient  means  of  charging  and  discharging, 
but  are  not  essential  to  the  action  of  the  jar  a£  a  reservoir 
or  condenser  of  electricity. 

EXPBRUENT. 

Charge  the  dissecting  Leyden  jur  heavily  and  then  lift  out  tit 
inner  coating  by  means  of  a  glass  rod.  Place  this  poaling  on  the 
tuble,  then  lift  the  jar  by  its  top,  and  push  off  the  outer  coating. 

Touch  the  two  coatings  together,  noting  whether  any  spark  occurs. 

Then  put  the  jar  back  into  the  outer  coating,  drop  the  inner  coat- 
ing into  place,  faklTig  care  now  not  to  touch  both  coaliTt^i  v/ilk  the  hanii 
at  the  same  tijne,  then  connect  the  two  coatings  in  the  usual  way  by 
means  of  the  dischai^ng-roil,  to  see  whether  any  charge  remains. 

Repeat  the  experiment,  rubbing  the  glass  inside  and  out  with  the 
hand  after  the  coatings  have  been  removed. 

368.  Protection  from  Lightning. — Since  the  time  of 
Franklin  it  has  been  customary  to  use  certain  arrangenienta 
of  metal  rods  for  the  purpose  of  protecting  buildings  from 
lightning-strokes.  The  most  common  device  is  an  iron  or 
copper  rod  having  one  end  buried  in  the  ground  and  the 
other  attached  to  a  chimney  and  extending  some  feet  above 
the  chimney-top. 

A  common  theory  of  such  rods  is;  fir&t,  that  they  t«nd  to 
■prevent  lightning-strokes,  by  assisting  the  quiet  passage  of 
electricity  between  the  earth  and  the  clouds ;  secojid,  that, 
if  the  stroke  occurs,  it  will  pass  along  the  rod  rather  than 
through  the  building  over  which  the  top  of  the  rod  is 
raised.     The  first  of  these  uses  is  probably  very  slight.    The 
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It  is  hardly  practicable  to  cover  a  building  with  a  ckee 
network  of  wires  for  protection,  and  such  a  networit  ii 
hardly  necessary.  The  meshes  of  the  net  may  be  many 
feet  square  and  yet  give  effectual  protection.    The  net 


should  be  connected  at  several  points  with  heavy  wirea 
soldered  to  large  sheets  of  copper  buried  deep  in  damp 
earth. 

The  electric  currents  of  lightning-strokes  last  for  an  ex- 
ceedingly short  time^a  millionth  of  a  second,  let  us  say. 
It  is  now  known  that  such  transient  currents  flow  along  the 
outer  layer  of  a  conductor  rather  than  along  the  interior, 
and  it  is  considered  well  to  use  flattened  strips  of  copper, 
rather  than  round  rods,  for  lightning-conductors.  Con- 
venience, however,  ia  in  favor  of  the  round  rod,  and  this  is 
more  often  used. 

It  is  a  false  proverb  which  declares  that  lightning  never 
strikes  twice  in  the  same  place.  Some  localities  are  peeu- 
fiarly  liable  to  lightning-strokes. 

A  forest  probably  affords  very  good  protection  from 
lightning;  but  it  is  well  to  keep  away  from  the  talleet 
trees.  The  shelter  of  a  single  tree  standing  alone  in  s 
field  is  dangerous. 
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A  pezaan  oompeUed  to  dtay  in  a  Uur^e  opvn  6x\d  during  h 

iiaisit  thiinder-iitorni  had  better  lie  tlat  on  the  ^auiiul. 

,  other  tfaingB  braig  equal,  the  luwer  a  bixly  \»  \\vc  k*Mi 

it  ifi  to  be  stmck  Ijy  lightning. 

Indoors,  one  wouid  <io  well  to  avoid  the  iituiuHltaU* 

neighborhood  of  water-pipes  and  gati^pipift^.     l^ut  ivnlh , 

wy  few  people  indoora  are  killed  by  lightxiiti^. 

QUBsnani. 

Do  you  know  from  ofaHrraoon  wlmc  precautious*  mx^  Ukt^i  w* 
pRvent  lightning  trom  tAtenog  buildings  by  vkH^  i»l  i(iU-|>h(iitii 
iviiea  or  other  •4***i?^*'  oonduetOB? 


CHAPTER  XXX. 

THE  GALVANIC  CELL  AND  ELECTRIC  CIRCUIT. 

369.  Electricity  developed  by  Chemical  Action:  fte 
Voltaic,  or  Galvanic,  Battery. — "In  1780,  Galvani,  pro- 
fessor of  anatomy  at  Bologna,  studying  the  influence  of 
electricity  upon  nerves,  observed  by  chance,  in  the  skinnfid 
legs  of  a  frog  recently  killed,  convulsions  which  occurred  at 
the  moment  when  an  electric  machine  was  discharged  near 
by.  .  .  .  He  set  himself  at  once  to  study  the  circimastancesrf 
the  phenomenon  with  various  animals,  warm-blooded  and 
cold-blooded,  with  the  desire  of  proving  the  identity  of  the 
nervous  fluid  with  electricity.  He  devoted  six  years  to  this 
work. 

"In  the  course  of  these  researches,  in  1786,  wishing  to 
see  what  effects  the  discharge  of  thunder-clouds  would  pro- 
duce, he  suspended  on  a  balcony  of  the  terrace  of  the  Zam- 
beccari  palace  the  hind  legs  of  a  frog,  by  means  of  a  copper 
hook,  which  passed  through  the  spinal  cord,  and  saw,  with 
keen  surprise,  these  members  convulsively  agitated,  though 
no  thunder-cloud  was  near.  He  observed  soon  that  this 
took  place  at  the  moment  when  the  limbs  accidentally 
touched  the  iron  of  the  balcony.  He  could  thenceforth 
repeat  the  experiment  as  often  as  he  wished,  and  he  found 
himself  in  possession  of  a  new  and  unexpected  fact,  which 
has  become  the  point  of  departure  of  a  long  series  of  bril- 
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mt  discoveries,  and  the  origin  of  one  of  the  moat  extended 

dmost  important  parts  of  physics."  * 

In  the  year  1800,  Volta,  another  ItaHan,  following  the  . 
mt  given  by  Galvani's  discovery^  showed  how  to  miuntain 

continuous  supply  of  electricity  by  chemical  action. 

The  most  famous  arrangement  which  he  employed  for 
(  piu^jose  consisted  of  a  column  made  up  of  disks  of 
opper,  zinc,  and  cloth  moistened  with  acidulated  or  salt 
'aXev,  the  order  of  arrangement  being  copper,  zinc,  cloth, 
Qpper,  zinc,  cloth,  etc.,  the  column  beginning  with  one 
letal  and  ending  with  the  other.  This  was  called  Volta'a 
ile.  It  has  the  advantage  of  great  simplicity  of  construc- 
|on  and  portability,  but  loses  its  power  as  the  liquid  evap- 
rates  from  the  cloth  disks,  and  is  not  so  easily  cared  for  as 
Qother  arrangement  (see  Fig.  248),  also  devised  by  Volta, 
I  which  the  liquid  is  contained  in  vessels,  each  vessel  con- 


,ining  also  a  copper  and  a  zinc  strip.  The  copper  of  one 
Vessel  is  joined  to  the  zinc  of  the  next,  and  so  on  throu^ 
"the  whole  series  of  cells,  which  was  for  a  long  time  called, 
like  its  predecessor,  a  pile. 

By  means  of  such  a  pile,  or  battery,  as  it  is  now  generally 
called,  it  is  easy  to  produce  effects  resembling  in  land  those 
ehown  in  the  preceding  experiments  upon  electricity,  thus 
showing  that  the  electricity  obtained  from  chemical  action 
is  just  like  that  obtained  by  rubbing  bodies  together.  The 
intensity  of  charge  obtained  from  a  battery  of  any  moderate 
number  of  cells  is,  however,  much  less  than  that  obtained 
♦  Daguin's  TraUi  Elimeniaire  de  Physique,  tome  troiaiSme. 


by  friction,  and  some  pains  must  be  taken  to  makethed 
trification  produced  by  the  battery  evident. 

EXPERIHEnrS. 

(1)  Take  ft  battery  of  fifty  small  tells,  each  containing  wflta 
atrip  of  zinc,  and  a  atrip  of  copper,  connected  according  lo  tte 
description  given  above,  the  one  free  zinc  at  one  end  of  tie  st 
and  the  one  free  copper  at  the  other  end  of  the  aeries  being  each  [di- 
vided with  a  copper  wire  about  50  cm.  long. 

Now  take  the  eleetroBCope  and  cover  the  plate  with  asheet  oftlan 
paper,  S  (Fig.  249),  which  hoa  been  soaked  in  melted  paraffin,  Bite 
on  this  paper  the  metal  covet 
the  electrophorua,  taking  r. 
that  the  paper  shall  prevent  all 
contact  between  the  two  plal« 
of  metal.  Then  touch  tJie  lower 
plate  with  one  wire  leading  from 
the  battery  and  at  the  w 
touch  the  upper  plate  with  the 
other  wire.  Remove  the  wires, 
and  lift  the  upper  plate  and  tic 
paper.  Do  the  leaves  show  any 
evidence  of  an  electric  chaige? 
(The  two  metal  plates  witli 
,,  the  paper  betweea  them  eerm 

as  a  condenser  (j  362),  thus  a 
abling  the  electroscope  to  take  a  lai^r  amount  of  electricity  from 
the  battery  than  it  otherwise  c-ould.  When  the  plates  are  separflttd 
the  eapacity  of  the  electroscope  is  diminished  and  the  same  quontit]' 
of  electricity  produces  a  higher  state  of  chargE.) 

(2)  Chai^  the  electroscope  again,  touching  the  lower  plate  with 
the  wire  leading  from  the  copper  end  of  the  battery  and  the  uppfr 
plate  with  that  leading  from  the  zinc,  and  then,  after  removing  tk 
upper  plate  and  the  paper,  test  the  charge  upon  the  electroscope,  in 
the  way  already  described  (|  358),  to  find  whether  it  has  reodwd 
positive  or  negative  electricity  from  the  battery. 

Then  repeat,  touching  the  lower  plal«  with  the  wire  leadii^  from 
the  zinc  end  of  the  battery  and  the  upper  plate  with  that  leading 
from  the  copper. 

Which  end  of  the  cell  fumishea  po^tive  electricity? 
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The  Electric  Circuit  with  a  Galvanic  Cell. 

370.  Open  Circuit  and  Closed  Circuit;    Current. — ^A 

^;alvamc  cell  and  the  external  wires,  or  other  conductors, 
connecting  its  plates,  or  strips,  of  metal,  is  one  form  of  elec- 
tric circuit.  When  the  plates  of  the  cell  are  not  connected 
"by  an  unbroken  line  of  conducting  material,  the  circuit  is 
said  to  be  open,  or  the  cell  is  said  to  be  in  open  circuit. 

If  the  conducting  line  is  imbroken,  as  when  the  wires 
from  the  cell  are  connected  with  the  galvanoscope  in  the 
following  Exercise,  the  circuit  is  said  to  be  dosed. 

It  is  probable  that  during  the  greater  part  of  the  nine- 
teenth century  most  physicists  would  have  described  an 
electric  current  as  made  up  of  two  streams  of  equal  strength, 
one  of  positive  and  the  other  of  negative  electricity,  mov- 
ing simultaneously  in  opposite  directions  through  every 
cross-section  of  the  circuit,  that  is,  every  cut  across  the 
streams  either  inside  or  outside  the  cell. 

It  is  now  well  known  that  within  the  cell  the  two  op- 
positely directed  streams  are  not  usually  equal,  the  posi- 
tive stream  being  the  stronger  in  some  cells  and  the  nega- 
tive stream  the  stronger  in  other  cells.  In  every  cell 
through  which  an  electric  current  is  passing  there  is  a 
movement  (invisible)  of  some  constituent  of  the  cell  in 
the  direction  of  the  positive  stream  and  a  movement 
(also  invisible)  of  some  other  constituent  in  the  direction 
of  the  negative  stream. 

These  movements  of  matter  are,  apparently,  insepa- 
rably connected  with  the  accompanying  movements  of 
electricity;  and  the  difference  in  strength  of  the  streams 
of  electricity  is  believed  to  be  due  to  a  difference  in  the 
facility  of  movement  of  the  positive-carrying  and  the 
negative-carrying  streams  of  matter. 
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The  sum  of  the  positive  and  negative  streams  of  elec- 
tricity within  the  cell  is  believed  to  be  the  same  as  the 
sum  of  the  positive  and  negative  streams  through  any 
cross-section  of  the  circuit  outside  the  cell,  and  when 
the  phrase  strength  of  the  current  is  used  without  explana- 
tion it  means  this  sum. 

The  phrase  direction  of  the  current  means  in  comnion 
use  the  direction  of  the  positive  stream. 

EXERCISE  51. 
SINOLE-FLUID  GALVANIC  CELL. 

Apparatus :  Materiab  for  a  small  copper-zinc  cell  (without  porous 
cup),  using  clean  dilute  sulphuric  acid,  about  20  parts  in  volume  of 


Fia.  250. 


water  to  1  part  in  volume  of  concentrated  acid.*    A  galvanoscope 
(Fig.  250).     The  zinc  is  at  first  unamalgamated. 

*  In  mixing  pour  the  acid  slowly  into  the  water ,  stirring  the  mix- 
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(In  this  and  every  other  Exerriae  in  which  galvanic  cells  are  used, 
whenever  wires  have  to  be  connected,  take  care  to  make  the  connec- 
tion firm,  with  good  metallic  contact.) 

Hace  the  galvanoecope  so  that  each  cirele  of  wire  upon  it  shall  be 
in  a  vertical  north  and  south  plane. 

FUl  the  glass  with  the  acid  to  a  level  about  1.5  cm.  below  the  top. 

Scour  the  strip  of  copper  with  emer>'-paper  till  so  much  of  it  as 
will  be  immersed  in  the  acid  is  clean  and  bright. 

Adjust  the  zinc  strip  and  the  copper  strip  in  the  clamps  attached 
to  the  block  at  the  top  of  the  glass  jar,  ho  that  each  strip  shall  reach 
straight  downward  almost  to  the  Ixittom  of  the  jar. 

Zinc  UNAiiAiiOAifATED;  Circuit  Open. — C>b8er\-e  for  a  short  time 
and  record  what  happens  at  the  surfa<.*e  of  each  strip,  all  metallic 
connection  between  them  being  avoided. 

Circuit  closed. — Then  put  the  two  Btrips  into  metallic  connection 
with  each  other  through  the  15  turns  of  the  palvanoscope,  and  again 
observe  and  record  what  happen?  at  the  surfare  of  each  strip.  Note, 
too,  the  behavior  of  the  gal  vaDOscope-needle,  and  record  the  position 
in  which  it  comes  to  rest,  tapping  the  instrument  lightly  to  prevent 
the  needle  from  being  detained  by  friction  in  a  i»Tong  position. 

Zinc  Amalgamated;  Circuit  Ojjen. — Remove  the  zinc  strip  from 
the  cell  and  amalgamate*  its  surface  by  dipping  it  for  an  instant  in 
mercury.  Shake  off  or  ^ipe  off  the  superfluous  niercurj*  that  clings 
to  the  strip  and  then  replace  the  zinc  in  Xhft  cell.  Take  care  that  no 
mercury  shall  touch  the  copper. 

Again  observe  and  record  the  action  at  the  surface  of  the  zinc,  the 
wires  remaining  unconnect(*d. 

Circuit  Closed. — Again  connect  the  strips  through  the  15  turns  of 
the  galvanoscope,  read  and  record  the  position  of  rest  of  the  needle 
as  soon  as  convenient,  and  read  and  record  everj'  minute  thereafter 
for  three  minutes. 

Observe  what  occurs  at  the  metal  surfaces. 

ture.  Pouring  water  upon  the  acid  is  dangerous.  A  small  quantity 
of  acid  sinking  at  once  m  a  large  mass  of  water  is  speedily  cooled  in 
spite  of  the  strong  chemical  action.  A  small  quantity  of  water  float- 
ing on  the  top  of  a  large  mass  of  acid  is  heated  to  boiling,  and  then 
spatters  the  acid. 

*  Or  exchange  it  for  one  of  the  same  size  already  amalgamated, 
thus  avoiding  continual  sacrifice  of  zinc  strips. 
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O-ptimvU. — If  no  decided  change  in  the  size  of  the  deflectioa  ia 
noticed  in  the  course  of  thrci.'  miniit^Mi,  take  out  the  copper  strip, 
which,  if  the  add  mlvtion  w  in  ihie  righl  condition,  will  still  look  bright, 
rinse  it,  and  agnin  bcout  it  with  emery-paper.  Then  replace  it  in 
the  cell,*  take  a  reading  as  soon  as  convenient,  and  continue  readiDg 


for» 


371.  Terms   Relating  to  the   CelL— Michsel    Faraday 

(1791-1867),  who  was  one  of  the  greatest  investigators  in 
electricity  that  the  world  has  known,  invented,  with  the 
help  of  a  friend  learned  in  the  ancient  tongues,  several 
terms  from  the  Greek,  which  he  applied  to  various  parts  oi 
the  galvanic  cell.    These  terms  are  now  in  very  conunon 


Thus,  the  conductor,  usually  a  solid,  fay  which  the  cur- 
rent {positive)  flows  out  from  the  cell  is 
called  the  cathode  (c,  Fig.  251) ;  that  is,  the 
way  down  out  of  the  cell. 

The  conductor,  usually  a  sohd,  by  which 
the  current  flows  back  int«  the  cell  ia  called 
the  anode  (a,  Fig.  251) ;  that  is,  the  viay  up 
into  the  cell. 

These  terms  are  apt  to  be  confusing,  be- 
cause it  may  seem  that  the  "vxiy  down". 
should  lead  into  the  cell,  but  Faraday  fixed 
the  use  once  for  all. 

The  cathode  is  frequently  called  the  positive  pole,  or 
plate,  of  the  cell,  and  the  anode,  the  negative  pole,  or  plate. 
In  a  storage-cell  (§  373)  the  set  of  plates  by  which  the 
ciurent  enters  during  the  "charging"  process  is  called  the 
positive  pole,  because  during  the  real  use  of  the  cell  the 
current  leaves  the  cell  by  this  pole. 
The  anode  and  the  cathode  together  are  called  electrodes. 
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T&)e  passage  of  dectridty  through  a  cell  is  accompanied, 
as  we  shall  see  in  the  next  article;  by  decomposition  of  some 
chemical  compoimd  in  the  cell.  This  kind  of  decomposi- 
tion is  called  electrolysis,  and  theucompoimd  so  broken  up  is 
called  an  eleetrolyte. 

The  parts  into  which  the  compoimd  is  broken  up  are 
called  ions.  Some  of  these  make  their  appearance  at  the 
anode;  and  are  called  anions.  Others  appear  at  the  cathode, 
and  are  called  caihians,  or  cations. 

372.  Chemical  Action  of  Single-fluid  CelL — A  molecule* 
of  sulphuric  acid;  we  are  taught  by  chemists,  consists  of 
two  atoms  of  hydrogen  (H,)^  an  atom  of  sulphur  (S);  and 
four  atoms  of  oxygen  (OJ.  The  symbol  showing  the  com- 
position of  the  molecule  is  H3SO4. 

*  Atoms  and  Molecules. — Chemistry  and  Physics. — Of  all  the  sub- 
stances known  to  us,  about  seventy  are  called  demerUary  substances, 
or  elements.  An  elementary  substance  is  one  which,  so  far  as 
science  has  yet  ascertained,  is  not  composed  of  other  substances. 

Tlie  smallest  particles  of  an  elementary  substance  that  science 
has,  imtil  recent  years,  had  any  knowledge  of  are  called  atoms,  the 
name,  which  means  undivided,  or  indiv&ible,  implying  something 
that  science  does  not  know  how  to  divide.  It  now  seems  probable 
that;  imder  certain  conditions,  atoms  can  be  broken.  The  atoms  of 
any  one  substance  are  generally  supposed  to  be  exactly  sdike. 

There  is  reason  for  believing  that  in  most  elementary  substances 
each  atom  is,  in  its  ordinary  condition,  joined  in  somQ  definite  man* 
ner  to  one  or  more  other  atoms.  These  definite  combinations  ci 
atoms  are  caUed  molecules,  and  in  any  particular  substance  all  nioi» 
cules  are  supposed  to  be  exactly  alike  in  composition  and  weights 

The  atoms  of  one  element  may  unite  in  definite  combinations  vMb 
l^ose  of  one  or  more  other  elements.  A  group  of  atoms  so  ianitt 
is  also  called  a  molecule ;  but  it  is  a  molec^e  of  some  new  substeMO^ 
different  from  either  of  the  elements  that  go  to  make  '^\^^^fklm 
a  substance  is  called  a  compound  substance.  It  has  molecUlii^  tft/i 
does  not  have  atoms  of  its  own. 

The  science  of  chemistry  deals  with  atoms  and  the  ygjlfan^fc^ 
tiiey  combine  to  form  molecules.  Physics  takes  moMMIS  HMv- 
made,  and  studies  their  behavior  and  the  phenomeny  iiligfc  tmtim 
can  show  without  suffering  a  break-up  of  their  moisii|fc||^  Cv^m 
so  great  a  change  as  that  from  ice  to  water  or  from  WlMri»g|^am^ 
leaves  the  molecule  unchanged  in  composition,  the  SlfaliHe  vmfai 
remaining  the  same  throughout. 


When  sulphuric  acid  conies  in  contact,  under  proper 
conditions,  with  zinc,  chemical  action  takes  place,  and  the 
two  atoms  of  hydrogen  are  replaced  by  one  atom  of  zinc 
(Zn).  The  hydrogen  is  thus  set  free  as  a  gas,  while  the 
compound  that  remains  is  ZhSO,,  called  zinc  sulphate,  or  > 
sulphate  of  zinc.  This  change,  or  reaction,  as  it  ia  called, 
may  be  represented  briefly  by  the  following  equation: 

Zn  +  HjHO.  =  H,+  ZnSO„ 
in  which  the  sign  =  is  equivalent  to  the  word  produces. 

If  this  reaction  takes  place  while  a  battery  is  not  in  use, 
it  is  evidently  wasteful  of  zinc,  which  is  a  rather  expen^ve 
metal  Chemically  pure  zinc,  not  in  contact  with  oth« 
metals,  is  but  little  affected  by  sulphuric  acid,  but  its  hi^ 
cost  forbids  its  use  in  batteries.  Impure  zinc  when  amal- 
gamated acts  much  hke  chemically  pure  zinc.  (See  Exer- 
cise 51 ) 

Copper  is,  under  ordinary  circumstances,  but  little 
affected  by  sidphuric  acid.  Any  action  seen  at  the  surface 
of  the  copper  strip  in  Exercise  51,  even  when  the  circuit  is 
closed,  ia  mainly  due  to  hydrogen  bubbles,  freed  by  chem- 
ical action  which  leaves  the  copper  chemieaLy  unaffected. 

In  the  cell  of  Exercise  51,  SO,,  called  sidphion,  is  the 
anion  and  H  is  the  cation. 

373.  Polarization  in  a  Galvanic  Cell;  Storage-cell,— 
The  gradual  weakening  of  the  current  possibly  observed 
in  Exercise  51,  when  the  circuit  is  closed  for  a  consider- 
able time,  and  its  recovery  when  the  copper  strip  is  thor- 
oughly rubbed,  are  phenomena  well  worthy  of  attention. 
The  weakening  is  not  due  to  chemical  exhaustion  of  the 
solution,  but  rather  to  the  condition  which  the  action  of  the 
cell  produces  by  depositing  a  layer  of  hydrogen  on  tie 
surface  of  tlie  copper  strip.  A  similar  but  more  sti  iking 
effect  is  shown  in  the  following: 
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Neariy  fill  a  battery  jar  with  such  liquid  as  is  used  in  Exercise  51 , 
and  place  in  it,  near  to  but  not  touching  each  other,  two  pieces  of 
sheet  lead,  as  laige  as  can  be  conveniently  used,  each  ha\'ing  soldered 
to  it  a  copper  wire  50  cm.  or  more  long. 

Connect  these  two  wires  for  a  moment  with  the  binding-posts  of 
the  lecture-table  galvanometer  (see  Fig.  252)  to  show  that  the  cell 
in  its  present  condition  gives  no  perceptible  current. 

Leave  one  of  the  wires  connected  to  the  galvanometer,  and  attach 
the  other  to  one  pole  of  a  batter>'  of  four  or  five  Daniell  cells  (see 
Exercise  52)  arranged  as  in  Fig.  252.  Connect  the  other  pole  of  the 
Daniell  battery  with  the  other  binding-post  of  the  galvanometer. 


Fio.  252. 

Observe  the  direction  of  the  deflection  produced,  and  note  whether 
this  deflection  increases  or  diminishes  during  the  next  two  minutes. 

Remove  the  Daniell  battery  from  the  circuit  and  test  the  lead-cell 
as  at  the  beginning  to  see  whether  it  can  now  produce  a  perceptible 
deflection  of  the  index.  Note  the  direction  of  this  deflection.  Is 
the  current  passing  through  the  lead-cell  as  now  used  in  the  same 
direction  as  that  which  was  sent  through  it  by  the  battery?  Is  the 
current  constant,  or  does  it  lose  strength? 

Any  current  which  the  lead-cell,  used  alone,  may  yield 
is  due  to  the  peculiar  state  into  which  its  plates  are  thrown 
by  the  action  of  the  current  from  the  other  cells.  This 
state  is  called  battery  'polarization.  It  does  not  merely  offer 
resistance  to  the  electric  current  by  which  it  is  produced, 
for  it  tends  to  send  a  current  backward  through  the  cell, 


and  will  do  so,  bs  the  experiments  just  described  make  evi- 
dent, when  opportunity  is  given.  It  was  such  polarization 
that  gradually  reduced  the  strength  of  the  current  in  Exe> 
cise  51,  if  a  reduction  was  observed  there. 

Polarization  is  a  aerious  disadvantage  in  many  galvanic 
ceJls,  but  it  is  not  without  its  uses;  for  uxnm  it  depends  the 
action  of  all  the  so-called  sUrrage-battcries,  which  since  the 
year  1891  have  come  to  fill  an  important  place  in  the 
manifold  apphcations  of  electricity.  It  is  to  be  noted  that 
the  thing  stored  in  such  cells  is  not,  according  to  the  usual 
terms  of  science,  electricity,  but  chemical  energy  in  a  form 
peculiarly  available  for  the  production  of  an  electric  current. 

EXERCISE  31. 

STUDY  OF  A  TWO-FLUID  GALVANIC  CELL. 

Appnratua  and  MateriaU:  The  solid  parts  of  a  amall  Daniel]  cell, 
the  zinc  well  amalgamated.     Saturated  solution  of  Bulphate  of  cop- 
per, and  a  sulphuric  acid  solution  of  the  same  strength  as  that  used 
in  Exercise  51.     A  galvanoaco-pe.     The  platform  balance  (No.  71). 
Place  tlie  zino  in  the  porous  cup  and  place  this  cup  and  the  copper 
s  jar.     Fill  the  jar  with  sulphate  of  copper  solution  to  h 
level  about  2  cm.  from  the  top  and  fill 
tbe  porous  cup  with  the  dilute  acid  to 
the  6B.me  level,  or  a  Uttle  higher.     (See 
Fig.  253.) 

Lift  the  copper  plate  from  the  solu- 
tion, let  it  drip  IT)  seconds,  then  wei^ 
it  carefully  with  oil  the  Uquid  that  goes 
■with  it.  Then  replace  it  in  the  cell 
Wipe  the  liquid  from  the  pan  of  the  bai- 

Litt  the  zinc  from  the  acid,  let  it  drip 
15  seconds,  then  weigh  it  carefully  widi 
all  the  liquid  that  goes  with  it.  Re- 
place the  zinc  in  the  cell  and  wipe  the 
balance  dry. 

Connect  the  poles  of  the  cell  witii  the 
terminals  of  the  5-tum  section  of  the 
at  which  t}m  ia  done.    BeadMd  J 
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record  the  position  of  the  needle  as  soon  as  it  comes  to  rest,  tapping 
the  galvanoscope  lightly  as  in  Exercise  51. 

Read  and  record  the  position  of  the  needle  every  five  minutes 
thereafter  for  half  an  hour,  if  the  time  of  the  ExerriHc  permits. 

Break  the  circuit,  noting  the  time ;  then  weigh  each  of  the  metal 
plates,  just  as  before,  after  allowing  each  to  drip  15  seconds. 

Find  how  much  each  plate  has  lost  or  gained  in  weight  per  minute 
of  the  time  dining  which  the  circuit  was  closed. 

Note. — Each  plate  carries  about  the  same  amount  of  liquid  to 
the  balance  both  times,  so  that  the  difference  of  its  two  weighings 
should  tell,  pretty  nearly,  its  own  change  of  weight.  Wiping  the 
plates  might  rub  off  some  loose  metal,  and  it  is  therefore  not  ad- 
visable. The  zinc  should  not  be  freshly  amalgamated  at  the  lM*gin- 
ning  of  this  Exercise ;  for  freshly  amalgamated  zinc  carries  flup(»r- 
fluous  merciuy,  which  would  be  likely  to  drop  off  during  the  Exer- 
cise, making  the  weighings  of  the  zinc  useless. 

If  the  current  increases  in  strength  for  several  minutr^  aftfT  the 
circuit  is  closed,  this  is  probably  due  to  the  grmjiuil  driving  rmt  of 
obstructing  air  from  the  pores  of  the  clay  cup.  If  the  cell  in  U)  Shu 
put  to  any  use  requiring  a  very  constant  current,  the  priroiis  cup, 
kept  outside  the  jar,  should  l>e  filled  sriine  little;  time  l>«ffore  the  work 
begins.  When  a  film  of  moii$ture  appears  on  the  outride  <A  tlu;  cup 
it  may  be  placed  in  the  jar. 

374.  IMsctittion  of  IS^zttdwt  52. — Any  galvanic  ojtttt  in 
which  the  active  parts  are  fxjppcfr,  Kulphat/;  of  ^j^jpfxfr,  zinc, 
and  sulphuric  acid  or  siilpliat^  of  zinc,  in  ttalM  a  i>ani/fll 
cell. 

The  chemical  action  in  tli^  I>ani*rII  ^j^rll  hi  tf/frriffv^hhi 
more  compUcated  tliaij  tliat  in  tWr  fcin^d^^-fluid  <u('M  *A  Erj^^ 
cise  51,  but  if  we  c<^>ii.%]d^^r  only  xi>f',  re^'dU  *A  xitf^  nra/rtio/i* 
they  are  not  dif&frJt  v^  -i-vi/tThtai-td, 

Within  the  poro^xt  f -p  w*r  j^r^:.  ah  if;  Kz>;T^'ivr  *^A ,  zj.v; 
replacing  the  hy'i^^^e^  of  j;'Jph  ;rj/;  vio.  7>i^  hy*\f<jtyAi 
thus  freed  <Jo€*  Zj*a  &p;>^t  \u  \:^,  fvr;;,  '/,  b/u^/j^.  bvt  isj 
the  outtT  ifun  'A  \zjh  '>rJ,  v.>  f;/,;  *  f^t  >;y';;'>^/f;,  ')>,  s^^/h^is^ 
the  copper  ctf  \:j^  ^.:y:Jer^,  ',i  </y^/^  z.:r^  V>r  *:/y/'^A^  \ij'jit 
freed  is  (fc^^^ivsc  'jyx,  \^,jh  */^;^;>^  ;^-!iVr.    \\  a  u^a  Vj  \^, 


siipiK)sed  that  the  identical  atoms  of  hydrogen  replaced  by 
the  zinc  necessarily  find  their  way  to  the  outer  cell,  but  the 
outcome  of  the  reactions  is  represented  by  the  followii^ 
equation : 

Zn+ H,S04+ CuSO<  =  ZnSO(+ H,SO,+ Cu. 

It  will  be  seen  from  this  account  that  the  polarization 
which  is  discussed  in  §  373  cannot  occur  with  tlie  two- 
fluid  cell  of  Exercise  52,  as  no  gae  is  deposited  on  either 
plate,  and  each  plate,  though  changing  in  weight,  remains 
unchanged  in  character. 

Various  injurious  actions  are  likely  to  take  place  in  a 
Daniell  cell  when  it  is  left  for  any  long  time,  overnight, 
for  instance,  in  open  circuit.  Even  when  the  plates  are 
taken  out,  the  porous  cup  may  be  spoiled  by  the  deposition 
of  copper  upon  it,  owing  to  the  presence  of  metallic  parti- 
cles in  its  walls.  The  cell  should  therefore  be  taken  apart 
when  not  in  use. 

375.  Other  Galvanic  Cells. — There  are  many  other  cells 
in  common  use.  In  nearly  all  of  them,  except  the  storage- 
cells,  zinc  is  employed  as  one  of  the  electrodes  (§  371),  and 
whenever  used  it  is  the  anode.  The  zinc  is  usually,  but  not 
always,  placed  in  sulphuric  acid,  and  from  this  frees  hydro- 
gen. We  have,  in  §  374,  seen  one  chemical  device  fur 
preventing  this  hydrogen  from  accumulating  upon  the  other 
electrode.  There  are  various  other,  devices,  the  general 
plan  of  which  is  to  render  the  hydrogen  harmless  by  bring- 
ing it  into  combination  with  oxygen. 

One  of  the  most  effective  oxidizing  agents  is  nitric  acid, 
and  one  of  the  most  powerful  galvanic  cells,  called  Buiisen'i 
cell,  is  that  which  is  formed  by  replacing  the  sulphate  of 
copper  in  the  Daniell  cell  with  nitric  arid,  and  the  copper 
plate  with  a  plate  of  carbon.  This  carbon  is  not  affected 
by  the  chemical  action  of  the  cell.     The  choking  and  corro- 
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sive  fumes  that  oooie  from  the  nitiic  hxad  make  the  Bunsen 
cell  objectionable,  and  it  is  now  used  but  £ttle. 

Another  cell  is  that  idiich  can  be  formed  fram  the 
Biinsen  by  replacing  the  nitric  acid  'with  a  mirture  of  sul- 
phuric acid  and  b&diromate  of  potash.  This  is  knomn  as 
the  Poggendcrjf  cdL  and  by  various  other  names. 

The  so-called  voUa-paria  cell  is  like  the  Poggendorff  cell 
with  this  excepticm,  that  it  employs  lachromate  of  soda 
instead  of  bichromate  of  potash.  It  is  more  enduring  in  its 
action  than  the  Poggendorff  oelL 

All  the  cells  just  described  are,  'wben  in  good  condition, 
more  powerful  than  the  DanieD  oelL  but  none  of  them 
equal  it  in  constancy  of  helm\\f*T. 

The  Ledanche  ceD  uses  zinc  in  a  ^Avxlon  of  sal-ammoniac 
for  the  anode,  and  for  the  cathode  a  bar  of  carbon  packed 
in  crushed  carbon  mixed  with  peroxide  of  manganese. 
This  cell  polarizes  rajMdly  when  the  circuit  is  closed,  but  is 
very  useful  in  furnishing  occasional  currents  of  short  dura- 
tion, such  as  are  needed  for  ringing  door-beUs  and  sounding 
alarms. 

Storage-cells  usually  have  for  the  positive  electrode, 
plates,  or  "grids,"  of  lead  loaded  \iith  oxides  of  lead,  and 
for  the  negative  electrode  similar  plates  ^\'ith  less  oxide  of 
lead.  These  plates  are  placed  in  sulphuric  acid  of  a  certain 
strength,  contained  usuaily  in  a  gla-^s  or  hard-rubber  jar. 

In  the  ** charging'^  of  such  a  cell  a  current  is  sent  in 
from  some  d\Tiamo  (see  Chap.  XXXlll;  by  way  of  the 
positive  electrode  and  out  Vjy  the  negative  electrode.     Oxy- 
gen is  thus  sent  to  the  positive  plates,  adding  to  the  oxides 
which  are  already  there,  and  meanwhile  hydrogen, 
the  negative  plates,  unites  with  and  takes  away 
of  the  oxygen  there.     The  original  difference 
positive  and  the  negative  plates  is  thus  incp 


the  ch&rgitig  is  nearly  complete,  bubbleB  of  hydrogen,  no 
longer  absorbed  by  the  oxygen  at  the  negative  plates,  rise 
in  large  quantities  from  those  plates  to  the  surface  of  tlie 
liquid. 

The  method  of  arrangement  of  the  plates  in  a  storage-cell 
makes  them  equivalent  to  two  very  large  plates,  one  poa- 
tive  and  one  negative,  very 
close  together  (see  Fig.  254, 
which  shows  the  top  view  of 
a  cell).  This  makes  the  so- 
called  resistance  (see  Chap. 
XXXII)  of  the  cell  very 
small,  and  it  is  for  this 
I     "^  reason,  mainly,  that  a  stor- 

age-cell, newly  charged,  can 
g^ve  a  much  more  powerful  current  than  a  Poggendorff 
cell,  for  example. 

After  a  time  of  use,  the  storage-K^ell  becomes  reduced  in 
"charge,"  and  the  current  from  it  speedily  grows  less. 
The  cell  is  said  to  be  "run  down,"  and  must  be  charged 
again. 

The  positive  plates  of  a  storage-cell  can  usually  be  dis- 
tinguished from  the  negative  by  their  brownish  color,  due 
to  the  heavy  oxides  with  which  they  are  more  or  less  loaded, 
even  when  the  cell  is  run  down.  Another  means  of  dis- 
tinguishing between  the  positive  and  negative  plates  is  the 
fact  that,  usually,  the  positive  group  contains  one  less  plate 
than  the  negative  group,  as  in  Fig.  254, 

Stnrase-eells  are  called  also  secondary  cells,  because  they 
have  to  be  charged  from  other  cells  or  from  a  dynamo 
before  use.  Cells  like  those  described  in  the  first  part  of 
this  article,  which  from  the  start  yield  a  current  from  thar 
own  action,  are  called  in  distinction  ■primary  cells. 


CHAPTER  XXXI. 

CURRENT-STRENGTH;   ELECTROMOTIVE  FORCE;   EI.EC 

TRICAL  WORK 

376.  Ctirrcnt  Strength. — The  ordinary  unit  of  current- 
strength  is  called  the  ampere,  from  Ampere  (1775-1836), 
the  great  French  investigator  of  electrodynamic  laws. 

We  have  already  seen  that  an  electric  current  is  accom- 
panied by  chemical  change  in  passing  through  a  liquid  con- 
taining a  chemical  compoimd.  We  have  seen,  also,  that 
such  a  current  aflfects  a  magnetic  needle.  Each  of  these 
properties  can  be  made,  and  is  made,  the  means  of  measur- 
ing what  is  called  the  strength  of  the  current. 

377.  ChemicalMeasurement  of  Current ;  Voltameter. — 

The  ampere  is  defined  *  as  a  current  of  such  strength  as, 
when  passed  through  a  solution  of  nitrate  of  silver  in  water, 
in  accordance  with  certain  specifications,  deposits  silver  on 
the  cathode  at  the  rate  of  0.001118  gramme  per  second. 

The  same  current,  passing  through  a  solution  of  sulphate 
of  copper  in  water,  would  deposit  copper  on  the  cathode  at 
the  rate  of  0.0003277  gramme  per  second. 

A  current  depositing  nX  0.001 118  grams  of  silver  per 
second  from  a  nitrate  of  silver  solution,  or  nX  0.0003277 
grams  of  copper  per  second  from  a  sulphate  of  copper  solu- 
tion, would  be  called  a  current  of  n  amperes.  In  short,  a 
current  is  regarded  as  proportional  to  the  amount  of  chem- 
ical change  it  causes  per  second  in  a  given  cell. 

Many  other  substances  beside  those  just  mentioned 
might  be  used  in  defining  the  ampere. 

*  Proceedings  of  the  International  Electrical  Congress,  Cfuca^,  \W^^, 

i7l^ 
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A  cell  used  for  the  purpose  of  measuring  an  electric  cur- 
rent by  the  amount  of  chemical  action  is  called  a  voltameter. 
It  may  or  it  may  not  furnish  the  motive  power  of  the  cur- 
rent which  it  measures. 

If  a  dozen  voltameters  were  introduced  as  links  of  the 
same  electric  circuit,  with  conductors  of  any  sort  between 
them,  they  would  all  indicate  the  same  strength  of  current. 
It  is  upon  such  facts  as  this  that  the  description  of  an  elec- 
tric current  as  a  continuous  stream,  having  everywhere  the 
same  strength,  is  based  (see  §  370). 

A  common  form  of  voltameter  consists  of  two  plates  of 
copper  in  a  solution  of  sulphate  of  copper.  Such  a  cell  does 
not  maintain  the  current.  It  merely  transmits  the  current 
which  is  driven  by  some  other  means. 

The  anode  of  this  voltameter  loses  weight  and  the  cathode 
gains  weight,  and  one  might  expect  the  loss  of  one  to 
balance  the  gain  of  the  other;  but  the  chemical  reaction 
at  the  anode  is  not  a  mere  dissolving  of  copper.  Other 
changes  take  place  there  and  so  complicate  matters  that  the 
loss  of  weight  is  not  a  reliable  measure  of  the  current.  The 
gain  of  weight  of  the  cathode  is  the  quantity  depended 
upon. 

Another  well-known  voltameter  consists  of  two  strips  of 
platinum  inmiersed  in  water  containing  a  very  little  sul- 
phuric acid.  The  acid  in  some  way  assists  the  passage  of 
the  current,  but  the  visible  chemical  change  is  the  decom- 
position of  the  water,  HjO,  which  is  resolved  into  hydrogen, 
collected  in  a  test-tube  over  the  cathode,  and  oxygen  col- 
lected in  a  similar  tube  over  the  anode  (see  Fig.  255). 

EXPERIMENT. 

Decompose  acidulated  water  by  means  of  the  current  from  a  bat- 
tery of  three  or  more  Daniell  cells  arranged  as  in  Fig.  255,  collecting 
the  gases  in  tubes  above  the  electrodes. 

Observe  the  relative  bulk  of  the  two  gases,  and  show  the  combus- 
tible  character  of  the  ViydTo^eivbx  \^vUiv^\t»  holding  the  test-tube, 
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fUeA  with  the  gas,  mouth  downward,  Berore  the  flame  is  applied 
it  is  well  to  wrap  the  tube  ta  a  cloth  to  guard  against  danger  from 
■  posmble  explouon. 


The  length  of  time  required  for  the  use  of  a  voltameter 
makes  any  such  Instrument  unsuitable  for  determining  the 
strength  of  a  variable  current  at  any  particular  instant; 
but  in  many  cases,  in  the  commercial  use  of  electricity,  the 
quantity  to  be  arrived  at  is  not  the  strength  of  the  current 
at  any  one  moment,  but  the  total  amount  of  electricity  that 
passes  in  a  given  time — a  day  or  a  week,  for  example.  For 
this  purpose  voltameters  are  particularly  well  suited  and 
have  been  much  used. 

A  voltameter,  properly  used,  is  a  very  sensitive  and  satis- 
factory means  of  manuring  a  current  of  unchanging 
strength  lasting  for  a  considerable  time,  and  voltameters 
are  very  often  used  in  "standardizing"  other  instruments, 
called  galvanometers,  which,  after  being  standardized,  are 
more  convenient  for  general  purposes  of  current  measure- 
ment. 

The  proper  use,  however,  of  a  voltameter  is  a  somewhat 
delicate  art,  and  one  should  consult  some  book  on  electrical 
measurements  before  attempting  accurate  work  with  this 
instrument. 


o  deposit  10  gm.  of  copper 
n  Exercise  52  the  strength, 


(1)  How  much  copper  can  be  deposited  from  Bulphat«  of  copper  in 
1  hour  by  a  current  ot  5  amperes? 

(2)  How  strong  must  a  current  be 
from  copper  sulphate  in  3  hours? 

(3)  Calculate  from  the  data  obtained  ii 
in  amperes,  ot  the  current  there  used. 

(4)  In  electroplating  with  copper  a  deposit  of  excellent  quality  ia 
obtained  by  using  a  current  of  1  ampere  for  50  sq.  cm.  of  surface 
upon  which  the  deposit  occurs.  It  the  density  of  copper  is  8.P  gm. 
per  cu.  cm.,  how  long  must  such  a  current  nin  to  make  a  deposit 
0.01  cm.  thick? 

378,  Magnetic  Measurement  of  Current;  Galvanom- 
eter.— It  is  customai'y  in  the  study  of  pure  phyyica  to  define 
the  strength  of  an  electric  current  by  reference  to  the  force 
which  a  certain  length  of  the  conductor  transmitting  it 
exerts  upon  a  magnetic  pole  of  a  certain  strength  at  e  cer- 
tain distance.  On  this  basis  currents  are  measured  by 
means  of  the  galvanometer,  an  instrument  similar  to  the  gal- 
vanoscope  of  Exercises  51  and  52,  but  more  carefully  made. 

An  extended  discussion  of  the  measurement  of  electric 
currents  by  their  magnetic  action  is  beyond  the  scope  of 
this  book,  and  it  seems  best  for  our  purpose  to  define  the 
imit  strength  of  current  by  reference  to  chemical  action,  as 
we  have  already  done  in  the  preceding  Article.  We  may 
therefore  regard  the  voltameter  as  the  fundamental  instru- 
ment, by  means  of  which  a  galvanometer  can  be  tested  and 
"standardized,"  that  is,  so  studied  that  from  its  reading 
the  strength  of  a  current  passing  through  it  can  be  found. 

By  definition  (§  377)  the  strength  of  an  electric  current 
is  proportional  to  the  amount  of  chemical  change  it  pro- 
duces per  second  in  a  voltameter.  By  exptriment  it  is 
foiuid  that  the  magnetic  force  0/  a  current  is,  other  things 
being  equal,  proportional  to  the  strength  of  the  current  as 
measured  by  the  voUameterj  but  this  does  not  imply  tb&t 
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the  deflection  of  the  needle  of  a  galvanometer  is  propor- 
tional to  the  strength  of  the  current. 

We  have,  in  the  data  obtained  from  Exercise  52,  the 
means  of  calculating  roughly  the  strength  of  current 
which,  in  the  magnetic  field  of  the  laboratory,  will  produce 
a  particular  deflection  of  the  needle  of  our  galvanoscope 
when  the  5-turn  section  is  in  use.  By  means  of  similar 
data,  obtained  with  currents  of  different  strength,  it  would 
be  possible  to  find  the  significance,  in  amp)eres,  of  any 
deflection  within  a  considerable  range,  but  this  instrument 
is  hardly  worthy  of  so  much  study. 

An  accurate  galvanometer  must  have  a  well-constructed 
sc^e  of  some  sort,  and  its  magnetic  needle  is  usually  sus- 
pended by  a  very  slender  fiber,  subject  to  troublesome 
torsion  and  disastrous  breaking,  or  poised  upon  a  very  deli- 
cate point,  which  is  almost  sure  to  be  ruined  in  the  hands 
of  a  novice. 

The  object  of  the  following  Exercise  is  to  give  the  stu- 
dent some  further  experience  with  the  magnetic  action  of 
electric  currents  and,  in  particular,  to  make  him  familiar 
with  the  general  character  and  course  of  the  lines  of  mag- 
netic force  due  to  a  current  running  through  a  galvanom- 
eter-coil. 

EXERCISE  53. 
LINES  OF  MAGNETIC  FORCE  ABOUT  THE  GALVANOSCOPE, 
Apparattis:    The    galvanoscope    with    detachable    compass.     A 

Daniell  celL     A  commutator  (Fig.  256).     Short  pieces  of  wire  for 

making  connections. 

The  lines  of  force  to  be  examined  in  this  Exercise  are  not  due 
entirely  to  the  current  in  the  galvanoscope.  They  represent  the 
combined  action  of  the  earth's  magnetism  and  the  current,  and  the 
character  of  the  lines  must  depend,  to  some  extent,  upon  the  position 
of  the  galvanoscope  with  respect  to  the  earth's  lines  of  magnetic 
force.  Something  might  be  said  in  favor  of  studying  the  lines  when 
the  windings  are  placed  north  and  south,  as  in  the  ordinary  use  of 
the  instrument,  but,  on  the  whole,  it  seems  better  to  place  the  wind- 
ings east  and  west  for  this  Exercise. 
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At  some  points  the  force  due  to  the  current  will  be  in  exactly  the 
same  direction  as  the  horizontal  force  due  to  the  earth.  At  such 
points  the  resultant  force  will  be  greater  than  that  due  to  the  earth 
alone,  and  the  needle,  if  disturbed,  will  vibrate  more  quickly  than  it 
would  if  the  current  were  not  acting. 

At  other  points  the  force  due  to  the  current  is  exactly  opposite  in 
direction  to  the  horizontal  magnetic  force  of  the  earth.  At  such 
points,  if  the  force  due  to  the  current  is  greater  than  the  other,  the 
needle  will  be  reversed  and  point  south.  If  the  earth's  magnetic 
force  prevails,  the  needle  will  still  point  north,  but  will  vibrate  less 
quickly  than  if  the  current  were  not  acting. 

In  the  diagram  of  the  lines,  points  where  the  lines  nm  north  are  to 

be  marked  "strong"  or  "weak," 
if  the  resultant  force  at  these 
points  is  greater  or  less  than  the 
earth's  horizontal  magnetic  force. 

Put  the  Daniell  cell  in  circuit, 

through  the  commutator^  with  15 

turns   of   the  galvanoscope,  and 

place  the  latter  so  that  the  plane 

of  its  circle  shall  be  east  and  west. 

Make  in  the  note-book  two  lines, 

E  and  W  (Fig.  257),  to  represent 

half-size  a  horizontal  cut  through 

^^°-  ^^^'  the  middle  of  the  galvanoscope. 

Adjust  the  commutator  so  that  the  current  shall  flow  from  east  to 

west  on  the  top  of  the  galvanoscope  circle. 
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Fig.  257. 

Hold  the  compass  about  20  cm.  south  of  the  centre  of  the  circle 
on  the  same  level,  and  record  with  an  arrow-head  on  the  diagram 
the  direction  of  pointing  of  the  needle.  Move  the  compass  north 
eight  stages  of  5  cm.  each,  recording  on  the  diagram  the  direction  of 
the  needle  at  each  stopping-place. 

Then  place  the  compass  inside  the  circle,  near  to  the  eastern  side, 
and  mark  the  directioii  o^  VW.  xvwdW.    Follow  the  needle,  a.s  m 
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Exercise  50,  and  mark  ite  direction  at  threo  or  four  other  points 
BeveraJ  centjmet«rs  apart,  until  the  line  followed  appeare  to  be 
completed. 

Make  wmilar  observations  and  record  with  respect  to  the  western 
side  of  the  circle. 

Find,  and  record  In  words,  the  direction  of  pointing  juet  over 
and  just  under  the  top  of  the  circle. 

Reverse  the  current  through  the  galvanoscope,  by  operating  the 
commutator,  and  then  repeat  all  the  observations  juat  indicated. 

Hake  a  specif  observation  jtist  east  of  the  eastern  ude  and  one 
just  west  of  the  western  side  of  the  clrele,  if  the  compass  in  the  use 
already  prescribed  does  not  lead  to  these  points. 

379.  Lines  of  Magnetic  Force  around  a  Straight  Cur- 
rent.— The  lines  of  magnetic  force  due  to  a  current  in  a 
long  straight  wire  are  circles,  each  in  a  plane  at  right  angles 
with  the  wire,  which  passes  thnmgh  the  centre  of  each  circle. 

The  direction  of  the  magnetic 
force  along  each  line  depends  upon 
the  direction  of  the  current  in  the 
wire,  and  is  in  all  cases  such  that, 
to  a  person  looking  along  the  wire 
in  the  direction  of  flow  of  the  cur- 
rent, the  magnetic  needle  would  lead 
around  each  circle  in  a  dockvnse 
direction. 

The  diagram  of  Exercise  53 
should  prove  to  be  consistent  with 
this  statement,  although  the 
closed  curves  found  in  that  Exer- 
cise are  not  circles. 

The  direction  in  which  the 
north-seeking  end  of  a  very  short     /^  ^N 

needle  poinls  is  that  in  which  a  de-     ' 

tached  north-seeking  pole  would  "'' 

move,  if  it  were  free.    The  following  well-known  experiment 


makes  use  of  a  device  for  causing  one  pole  of  a  magnet 
to  rotate  around  a  current  while  the  other  pole  does  not 

EXPERIMENT. 

Send  the  curreiit  first  one  way  and  then  the  other  through  the 
rotation  apparatus  shown  in  Fig.  258,  and  compare  the  direelion  if 
motion  o!  the  affected  pole,  in  each  caae,  with  the  rule  given  earlin 
in  this  Article, 

380.  The  Earth's  "Directive  Force";  Astatic  Galva- 
nometer.— It  is  evident  that  in  the  ordinary  use  of  a  gal- 
vanometer, vAth  its  windings  placed  north  and  south,  the 
current  in  the  coil  tends  to  make  the  magnet  at  its  centre 
point  east  or  west,  while  the  horizontal  force  of  the  earth's 
magnetism,  called  the  earth's  "directive  fwce,"  tends  to 
make  it  point  north.  The  position  the  needle  takes  is  the 
result  of  a  compromise  between  these  two  partly  opposing 
influences,  If  the  earth's  directive  force  could  be  weai- 
ened,  other  things  remaining  unchanged,  the  deflection  of 
the  needle  would  be  increased. 

In  fact,  the  earth's  directive  force,  under  which  title  is 
commonly  included  not  merely  the  magnetic  force  of  the 
earth  proper,  but  also  that  of  any  magnetic  bodies,  such  as 
iron  gas-pipes  or  steam-pipes,  that  may  be  near  the  gal- 
vanometer, may  be  very  different  at  different  parts  of  the 
same  room.  This  fact  must  be  taken  into  account  in  care- 
ful galvanometric  work. 

For  many  kinds  of  work  (see  Exercises  56  and  57)  a  in 
more  sensitive  galvanometer  is  needed  than  the  instrument 
thus  far  employed  in  this  course.  So-called  "asCaik;'- 
that  is,  unstable,  sensitiv:,  galvanometers  make  use  of  i 
device  which  practically  reduces  the  earth's  directive  force 
almost  or  quite  to  zero. 

This  device  consists  of  two  magnetic  needles  of  nearly 
equal  power,  placed  parallel  to  each  other  and  so  connected 


A»3 

that  they  must  turn  as  one,  but  pointing,  with  like  poles, 
in  opposite  directions.  Thrse  magnets  are  usually  placed 
one  above  the  other,  one  being  inside  the  coil  of  the  gal- 
vanometer and  the  other  outside,  as  in  Fig.  259. 

Such  a  pair  of  magnets,  if  they  are  perfectly  equivalent 
to  each  other,  will  have  no  more 
tendency,  as  a  whole,  to  point  north 
and  south  than  to  point  east  and 
west.  It  will  point  in  any  horizontal 
direction  under  the  influence  of  a 
very  slight  force. 

In  fact,   one  of  the  magnets  is  i 
usually  a  little    stronger  than  the 
other,  90  that  the  pair  points  natu- 
rally in  some  particular  direction,  ria.^aa. 
but  much  less  decidedly  than  one  needle  alone  would. 

When  fl  current  goes  through  the  galvanometer-coil  this 
current  has  its  full  effect  upon  the  magnet  inclosed  by  it. 
The  effect  upon  the  outside  magnet  is  less,  but  by  recalling 
the  observations  of  Exercise  53,  and  remembering  that  the 
two  magnets  point  with  like  poles  in  opposite  directions, 
one  can  see  that  the  action  upon  the  outside  magnet  works 
ivHh,   not  in  opposition  to,  the  action  upon  the  inside 


The  winding  of  the  astatic  galvanometer-coil  are  usually 
very  many  and  very  near  the  inner  magnet,  for  the  purpose 
of  increasing  the  sensitiveness.     If  the  poles  of  an  ordinary 
galvanic  cell  were  apphed  directly  to  the  ends  of  such  a 
galvanometer-coil,  without  any  other  resistance,  the  current 
through  the  coil  would  probably  be  powerful  enough  to 
i  change  the  magnetism  of  the  inner  needle,  thus  destroying 
'  ihe  equilibrium  of  the  two  needles,  and  greatly  reduce 
\  the  sensitiveness  of  the  instrument.     Care  must  be  tc 
L  to  prevent  accidents  of  this  kind. 
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Electromotive  Force- 
381.  Electromotive  Force  of  a  Battery. — ^The  power 
which  a  galvanic  cell  has  of  charging  one  of  its  terminals 
positively  and  the  other  negatively  (p.  462),  so  that  a  cur- 
rent of  electricity  will  flow  from  one  to  the  other  when  they 
are  connected  by  a  wire,  is  called  its  electromotive  force.  . 

The  electromotive  force,  which  we  shall  now  call  the 
e.  m.  f .,  of  a  cell  or  battery  of  cells  in  open  circuit  can  be 

measured  by  the  difference  of  potential 
(§  362)  which  it  can  produce  between 
two  metal  plates  connected  with  its  posi- 
tive and  negative  poles  respectively. 
(See  Fig.  260.) 

The  e.  m.  f .  of  a  cell  or  battery  in  closed 
circuit  can  be  measured  by  the  strength 
of  the  current  which  it  can  maintain  in 
a  circuit  of  given  resistance  (§  386). 

Owing   to   polarization    (§  373),   and 
perhaps  to  some  other  causes,  the  e.  m.  f . 
of  a  battery  in  closed  circuit  is  usually 
somewhat  less  than  its  e.  m.  f .  in  open  circuit. 

The  e.  m.  f.  of  a  cell  depends  upon  its  chemical  composi- 
tion and,  to  some  extent,  upon  its  physical  condition.  The 
first  of  the  following  experiments  will  tend  to  show  whether 
it  depends  upon  the  size  of  the  cell. 

EXPERIMENTS. 
(1)  Take  one  very  small  Daniell  cell  and  one  very  large  one  (see 
Fig.  261).     Join  together  the  copper  terminals  of  the  two  cells. 
Then  connect  the  zinc  terminal  of  one  cell  with  one  terminal  of  the 
lecture-table  galvanometer,  and  the  zinc  terminal  of  the  other  cell 
with  another  terminal  of  the  galvanometer,  thus  forming  a  circuit 
consisting  of  the  two  cells,  opposed  to  each  other,  and  the  galvanometer 
coii  windings.     Is  there  now  evidence  of  any  current  through  the 
galvanometer?     \Miat  does  the  experiment  indicate  as  to  the  com- 
pftratAve  electromotive  force  of  the  two  cells? 


Fig.  260. 
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The  following  experiments  will  give  some  idea  of  the 
electromotive  force  of  various  combinations  of  galvanic 
cells. 

(2)  Take  three  Mmilar  Daniell  cells.  Connect  the  copper  of  one 
"With  the  Mac  of  a  second,  and  the  copper  of  the  second  with  the 
copper  of  a  third,  as  in  Kg.  262.     Connect  the  zinc  of  the  first  cell 


Fia.  262  FiQ.  263. 

and  the  zinc  of  the  third  with  the  terminals  of  the  galvanometer. 
With  this  arrangement  the  first  and  second  cells,  connected  in  series, 
as  the  phrase  is,  and  so  working  in  the  same  direction,  are  opposed 
by  the  third  cell.     Do  they  prevail  over  it? 

(3)  Join  the  zinc  of  one  cell  to  the  zinc  oF  a  second,  as  in  Fig. 
263,  and  the  copper  of  the  first  cell  to  the  topper  of  the  second. 
Connect  the  two  coppers  thus  joined  with  the  copper  of  a  third  cell. 
Connect  the  zinc  of  this  third  cell  with  one  of  the  terminals  of  the 
galvanometer,  and  connect  the  joined  zincs  of  the  &rat,  \^o  <^«'^ 
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Electromotive  Force- 
381.  Electromotive  Force  of  a  Battery. — ^The  power 
which  a  galvanic  cell  has  of  charging  one  of  its  terminals 
positively  and  the  other  negatively  (p.  462),  so  that  a  cur- 
rent of  electricity  will  flow  from  one  to  the  other  when  they 
are  connected  by  a  wire,  is  called  its  electromotive  force.  4 

The  electromotive  force,  which  We  shall  now  call  the 
e.  m.  f .,  of  a  cell  or  battery  of  cells  in  open  circuit  can  be 

measured  by  the  difference  of  potential 
(§  362)  which  it  can  produce  between 
two  metal  plates  connected  with  its  posi- 
tive and  negative  poles  respectively. 
(See  Fig.  260.) 

The  e.  m.  f .  of  a  cell  or  battery  in  closed 
circuit  can  be  measured  by  the  strength 
of  the  current  which  it  can  maintain  in 
a  circuit  of  given  resistance  (§  386). 

Owing   to   polarization    (§  373),  and 
perhaps  to  some  other  causes,  the  e.  m.  f . 
of  a  battery  in  closed  circuit  is  usually 
somewhat  less  than  its  e.  m.  f .  in  open  circuit. 

The  e.  m.  f.  of  a  cell  depends  upon  its  chemical  composi- 
tion and,  to  some  extent,  upon  its  physical  condition.  The 
first  of  the  following  experiments  will  tend  to  show  whether 
it  depends  upon  the  size  of  the  cell. 

EXPERIMENTS. 

(1)  Take  one  very  small  Daniell  cell  and  one  very  large  one  (see 
Fig.  261).  Join  together  the  copper  terminals  of  the  two  cells. 
Then  connect  the  zinc  terminal  of  one  cell  with  one  terminal  of  the 
lecture-table  galvanometer,  and  the  zinc  terminal  of  the  other  cell 
wdth  another  terminal  of  the  galvanometer,  thus  forming  a  circuit 
consisting  of  the  two  cells,  opposed  to  each  other,  and  the  galvanometer 
coil  windings.  Is  there  now  evidence  of  any  current  through  the 
galvanometer?  What  does  the  experiment  indicate  as  to  the  covor 
parative  electromotive  force  of  the  two  cells? 


Fig.  260. 
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Bke  a  stream  of  water  flowing  down-hill  with  unchanging 
velocity.  In  such  a  stream  gravity  does  work  upon  the 
descending  water,  and  this  work  is  sp)ent  in  overcoming 
friction,  thereby  producing  heat,  or,  perhaps,  in  driving 
machinery.  So  upon  the  electrical  stream  work  is  done 
between  the  two  points,  and  this  work  may  take  the  form 
of  heat,  in  the  wire,  or  mechanical  energy  in  an  electric 
motor  (§  400). 

One  very  important  practical  difference  between  water- 
power  and  electric  power  must  be  borne  in  mind.  The 
former  power  we  find  ready  made  by  the  natural  processes 
of  evaporation  and  rainfall.  The  latter  power  we  do  not 
find  ready  to  hand  in  any  usable  form  and  quantity.  We 
have  to  manufacture  it  at  the  expense  of  other  power 
when  we  would  use  it.  (See  §  406.)  A  thermo-electric 
current  uses  up  heat. 

385.  The  Watt;  Electrical  Horse-power. — ^An  electric 
current  of  one  ampere,  flowing  between  two  points  the 
difference  of  potential  of  which  is  one  volt,  absorbs  electrical 
energy  between  those  two  points,  and  yields  heat  or  some 
other  form  of  energy,  at  a  rate  called  one  watt  (from  Watt, 
see  §  311).  Seven  hundred  and  forty-six  watts  are  equiva- 
lent to  one  horse-power  (§  239). 

This  method  of  reckoning  electrical  work  is  very  common 
among  those  who  have  much  to  do  with  dynamos  and 
motors. 

PROBLEMS. 

(1)  A  battery,  the  e.  m.  f .  of  which  is  40  volts,  sends  a  current  of 
100  amperes  through  a  certain  circuit.  What  is  the  number  of 
watts?    What  is  the  rate  of  work  in  horse-powers? 

(2)  A  battery  working  at  the  rate  of  3  horse-power  has  an  e.  m.  f. 
of  80  volts.     What  is  the  strength  of  the  current? 

(3)  What  must  be  the  e.  m.  f .  of  a  battery  which  maintains  a  cur- 
rent of  10  amperes  and  works  at  the  rate  of  21  watts? 


CHAPTER  XXXII. 
RESISTANCE. 

386.  Ohm's  Law. — Ohm,  a  German  (1787-1854),  showed 
that,  other  things  remaining  equal,  the  cmrent  throu^  a 
given  conductor  is  proportional  to  the  electromotive  force 
which  is  applied  to  the  conductor.  In  other  words,  if  E 
stands  for  the  electromotive  force  driving  a  current  C 
through  a  given  conductor,  the  ratio  E-^C  is  a  constofd 
quantity  for  thai  conductor ,  so  long  as  its  physical  condition 
remains  unchanged. 

This  ratio  was  taken  by  Ohm,  and  has  been  taken  gen- 
erally since  his  time,  as  the  nmnerical  measure  of  the  con- 
ductor's resistance. 

The  numerical  relations  of  the  three  quantities  E,  C,  and 
R  are  expressed  by  the  equation 

which,  with  its  other  forms, 

C=^     and     E=RXC, 

is  called  Ohm^s  Law. 

For  example,  if  a  battery  having  an  electromotive  force 
of  5  volts  is  placed  in  a  circuit  the  total  resistance  of  which ' 
is  100  ohms,  the  strength  of  current  will  be  5r^l00(=^) 
ampere. 
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387.  Unit  of  Resistance,  the  Ohm.— The  Bo-calleil  inUr^ 
Clonal  ohrriy  the  ordinary  unit  of  resistance,  ia  named  in 
onor  of  the  investigator  Ohm.  It  is  ven'  nearly  equal  to 
le  resistance,  at  0°  C,  of  a  column  of  pure  mercury  1()6.3 
n.  long  and  1  sq.  mm.  in  area  of  cross-section. 

388.  Resistance  of  a  Conductor ;  Specific  Resistance.- - 

he  resistance  of  a  conductor  depends  u|)on  its  material, 
8  dimensions,  and,  in  most  cases,  upon  its  tom|HTatur<\ 
If  several  conductors  of  various  sizes  and  Hha}K'H,  l)ut 
ade  of  the  same  material  in  the  same  state  of  purity, 
kfdness,  etc.,  are  tested,  it  is  found  that  tlio  (luantity 
l-T'L)Sj  where  R  is  the  resistance  of  the  coiuhictor,  Ij  \\h 
igth,  and  S  its  area  of  cross-section,  is  tlie  hhiiu*  for  nil. 
lis  quantity,  for  which  we  will  use  the  letter  /;,  Iwih  (li(T«»r- 
t  values  for  different  materials.     Its  value  for  any  on«^ 
iterial  is  called  the  specific  resistance  of  that  niateriiil. 
When  we  write  p=^(R-^L)S,  we  see  that  p  \h  ecjuni  to  H, 
len  L  and  S  are  each  equal  to  1.     That  in,  the  Mpecifii! 
distance  of  a  material  is  equal  to  tin;  rcHiHtancc  of  /i  rniti 
zter  cube  of  the  material.     A  meuKureineni  of  p  for  copp«T 
attempted  in  Exercise  56. 

A  measurement  of  the  rate  of  change  of  llie  rcMiMlanci?  «)f 
pper  wire  with  rise  of  temfKiraturo  will  Im)  undcriakfii  in 
cercise  57. 

389.  Study  of  Resistance  by  Substitution  Method. 
Exercise  54  the  effect  of  length  ufK>n  n'KiMianre  will  Im; 
•served  in  a  certain  fashion,  Gerrnan-Kilvcr  winn  of  varioim 
igths,  but  all  of  the  same  cross-Hection,  Ixting  \u\.vih\\u'a*A 
to  the  circuit  in  turn. 

In  Exercise  55  a  Oennan-silvfr  win*  of  irreati*r  diarueUfr 
11  be  used,  and  by  a  comparison  of  ExosinntH  54  and  55 
e  effect  of  area  of  cross-sf?ction  U[x>n  diarnet/rr  hhould  Ix; 
iistrated.     Exercise  55  will  consider  also  tfie  ruHmUmc^  of 
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two  similar  German-silver  wires  placed  side  by  side  and  con- 
nected at  their  ends. 

The  method  of  comparison  used  in  Exercises  54  and  55, 
where  the  various  resistances  are  used  in  turn,  other  things 
remaining  imchanged,  may  be  called  a  method  of  sybstUu" 
Hon,  one  resistance  being  substituted  for  another. 

EXERCISE  54. 
RESISTANCE  OF  WIRES  BY  SUBSTITUTION:  VARIOUS  LEN0TH8 
Apparatus:  A  Daniell  cell.  A  galvanoscope.  A  commutator. 
Five  pieces  of  No.  30  German-silver  wire,  all  of  the  same  quality, 
one  200  cm.  long,  one  160  cm.,  one  120  cm.,  one  80  cm.,  one  40  cm., 
each  suitably  wound  on  a  spool  (see  103a).  Two  double  binding- 
screws. 

Put  the  zinc  into  the  porous  cup,  and  fill  the  latter  with  dilute  acid 
to  the  usual  level.  Let  this  cup  stand  ouiside  the  glass  jar  till  a  flm 
of  moisture  appears  upon  its  outside,  showing  thai  the  liquid  has  fUed 
its  pores  (see  note  at  the  end  of  Exercise  52).  Then  finish  putting 
the  cell  together  in  the  usual  way. 

Place  the  galvanoscope,  as  usual,  with  the  plane  of  its  windings 
north  and  south,  the  needle  pointing  to  the  0-point  of  the  compa&s. 

Connect  the  cell,  the  15  turns  of  the  galvanoscope,  and  the  longest 
German-silver  wire,  in  circuit,  introducing  the  commutator  in  such 
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Fig.  264. 

a  way  that  the  current  through  the  galvanoscope  can  be  easily 
reversed  (see  Fig.  264). 

Read  very  carefully  and  record  the  position  of  the  needle,  tapping 
the  instrument  lightly,  as  usual ;  then,  by  means  of  the  commutator, 
reverse  the  current  through  the  galvanoscope,  and  again  read  and 
record. 

Make  similar  arrangements  and  readings  with  e^h  of  the  other 
pieces  of  German-silver  wire  in  turn,  proceeding  from  the  longest  to 
the  shortest. 


RESISTANCE. 

f  time  permits,  after  making  observations  with  tlie  shortest  wire, 
use  each  of  the  others ngain  in  turn,  ending  with  thelongest. 

Take  the  mean  of  all  the  defiectioDS  obt^ncd  with  each  wire  as 
the  true  deflection  with  that  wire. 

On  a  piece  of  coordinate  paper,  ruled  in  very  small  squares,  meas- 
ure off  horizontal  diatancea,  as  in  Fig.  265,  to  represent  the  various 
lengths  of  wire,  and  above  the  points  marked  40,  SO,  etc.,  place  dots 
at  vertical  distances  repre- 
senting the  deflections  corre- 
sponding to  the  various  wires. 
Then  through  these  points 
draw  a  curve  of  such  a  char- 
acter, ^  or  B,  as  the  facts 
require. 

By  measurement  from  any 
point  on  the  base-line  up  to 
I  curve  one  can  now  find 
what  deflection  would  corre-  '"         "~ 

8pond  to  ft  wire  of  any  given 

length  between  40  cm.  and  200  cm.     This  diagram  will  be  of  use  in 
loonnection  with  the  next  Exercise. 

f  Note. — Each  porous  cup  used  in  this  Exercise  should  Ije  marked, 
■o  that  the  student  who  uses  it  may  find  and  use  the  same  cup  in  the 
next  Exercise.  The  Danicll  cells  will  probably  differ  mainly  in  the 
quality  and  thickness  of  their  cups;  and  it  is  highly  important  to 
have  the  cell  in  the  same  condition,  as  nearly  as  may  be,  in  Exercises 
S4  and  55. 

EXERCISE  55- 

&ESISTA.NCE  OF  WIRES  BY  SUBSTITUTION:  CROSS-SECTION  AND 

MULTIPLE  ARC. 

Apparatus;  The  Daniell  cell  used  in  Exercise  54.    A  galvanoscope. 

I  A  commutator.  A  spool  with  200  cm.  of  No.  28  German-silver  wire. 
Two  spools  with  200  cm.  each  of  No.  30  German-silver  wire.     Two 

'  triple  binding-screws  (though  double  ones  will  serve,  if  the  holes 

|.»re  large  enough  to  take  in  two  of  the  spool  terminals  side  by  side), 

'  Screw  calipers. 

Set  up  the  cell  as  in  Exercise  64,  and  arrange  the  circuit  as  in  Yig. 
364,  introdiU'ing  the  spool  of  No.  28  wire.     Make  careful  obser 
lions,  with  the  commutator  in  both  portions,  and  take  the  i 

I  «11  the  deflections. 
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Find  by  examination  of  the  diagram  of  Exercise  54  what  length  oi 
No.  30  German-silver  wire  would  correspond  to  the  same  deflection, 
that  is,  would  have  the  same  resistance  as  the  200  cm.  of  No.  28  Ger- 
man-silver wire. 

Measure  carefully  by  means  of  the  screw  calipers  the  diameter  of 
the  No.  30  and  of  the  No.  28  wire,  and  calculate  the  ratio  of  their 
areas  of  cross-section.  Compare  this  ratio  with  the  ratio  of  equiv- 
alent lengths  of  these  two  wires. 

Remove  the  No.  28  wire  from 
the  circuit,  and  put  in  its  place  the 
two  spools  of  No.  30  wire  joined» 
in  parallel,  or  multiple ,  as  in  Fig. 
266,  so  that  the  current,  as  indi- 
cated by  the  arrow-heads,  will  be 
divided  equally  between  them. 
^  With  this  arrangement  make  ob- 

servations as  in  the  preceding  case, 
taking  finally  the  mean  of  the  de- 
flections recorded. 

Find  by  examination  of  the  dia- 
gram of  Exercise  54  what  length 
of  No.  30  wire,  single,  corresponds 
in  resistance  with  the  two  200-cm. 
pieces  of  No.  30  wire,  as  now  ar- 
ranged. 

PROBLEMS. 

(1)  If  the  resistance  of  45  m.  of  copper  wire  1  sq.  mm.  in  cross- 
section  is  1  ohm,  what  is  the  resistance  of  90  m.  of  like  wire  4  sq. 
mm.  in  cross-section? 

(2)  If  the  resistance  of  2.5  m.  of  G.-s.  wire  3  sq.  mm.  in  cross- 
section  is  0.4  ohm,  what  is  the  resistance  of  10  m.  of  like  wire  0.5 
sq.  mm.  in  cross-section? 

(3)  If  the  resistance  of  10  m.  of  wire  1  mm.  in  diameter  is  3  ohms 
what  is  the  resistance  of  25  m.  of  like  wire  2  mm.  in  diameter? 

(4)  How  long  must  a  piece  of  wire  of  the  same  quality  as  that  of 
the  preceding  problem  be,  in  order  that  its  resistance  may  be  15 
ohms,  the  diameter  being  0.15  cm.? 

390.  Resistance  of  Conductors  in  Combination ;  Conduc- 
tance.— It  may  have  been  inferred  from  Exercises  54  and  55 


li^ 
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that  two  equal  wires  joined  "in  parallel,"  or  "in  multiple/' 
have  B  resistance  one-half  as  great  as  that  of  either  alone. 

More  extensive  and  accurate  experiments  confirm  this 
inference,  and  show  that,  //  n  condiictors,  each  of  resistance 
r,  are  joined  in  parallel  with  each  other  ^  the  resistance  of  the 
cornbination  is  equal  tor-r-n. 

The  resistance  of  any  nimiber  of  conductors  joined  in 
series  is  merely  the  sum  of  their  separate  resistances. 

PROBLEMS. 

(1)  If  the  reastance  of  a  certain  wire  is  12  ohms,  what  would  be 
the  resistance  of  three  such  wires  joined  in  series?  joined  in  parallel/ 

(2)  If  the  resistance  of  an  arc  lamp  is  5  ohms,  what  would  be  the 
resistance  of  six  such  lamps  joined  in  series?  joined  in  multiple? 

We  must  now  consider  what  the  result  is  if  the  various 
resistances  joined  in  parallel  are  not  equal  among  them- 
selves.   We  will  attack  the  subject  in  the  form  of  problerrw. 

(3)  If  two  wires,  one  having  a  reastance  of  20  ohms,  the  other  a 
reastance  of  5  ohms,  are  joined  in  pcu'aUel,  what  is  the  remntAium  of 
the  combination? 

Sobdian:  The  5-<4un  wire  Is  equivalent  to  four  20-ohm  wines 
joined  in  paralld.  The  whole  combination  is  therefore  e<|uivaLent 
to  five  2(>-ohm  wires  joined  in  parallel.  It«  rewiUmce  la,  tlierefore, 
20  H- (1+4) =4  ohms. 

Observe,  for  use  below,  that  this  is  the  same  as  1  -s-  Ci^f  +  !)• 

(^  What  b  the  combined  resistance  of  two  wires,  in  parallel,  of 
17  ohms  and  ^cltuDB  respectively? 

Soluiunu  The  4-ohm  wire  is  equivalent  to  seventeen  ^8^>lim 
pieces  in  multiple;  the  IT-ohm  wire  is  e>c{uivalent  to  four  f^i>^Aiin 
pieces  in  multiple;  the  two  in  multiple  are  equivalefit  to  tweiit  Y-4>ijue 
68-ohm  pieces  in  multiple;  ihe  two  in  multiple  have,  %bi^r*ifore,  a 
resistance  of  ff  ohms»S^  <jhs3as^ 

Observe  that  tliis  is  the  same  as  1  -^  (ff4-  {)  <Anii». 

In  each  of  tliese  eases,  r^  and  r^  \mi\ic  i\ut  m^^  reJ5ii^t- 
ances  and  r  the  multiple  reJ?ifci;axice,  we  liave 

Vr,     rj  r       r,      r. 
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With  n  conductors  in  multiple, 

.      /I       1  1  \  11.1.  ^ 

The  "reciprocal"  —  is  called  the  condiLctance,  or  conducting 

power.    If  we  write  k  for  conductance,  our  rule  for  multiple 
becomes 

That  is,  the   conductance   of  any  niunber  of  conductors 
in  multiple  is  the  smn  of  their  separate  conductances. 

The  resistance  of  any  nimiber  of  conductors  in  multiple 
is  found  by  dividing  1  by  their  multiple  conductance. 

(5)  What  is  the  resistance  of  two  conductors  in  parallel,  the  sepa- 
rate resistances  of  which  are  4  ohms  and  12  ohms?  6  ohms  and  11 
ohms? 

(6)  What  is  the  resistance  in  multiple  of  four  wires,  the  separate 
resistances  of  which  are  4,  6,  8,  and  10  ohms?    Ans.  1.56—  ohms. 

391.  Resistance-coils. — It  is  frequently  necessary  in 
electrical  work  to  introduce  resistance  into  a  circuit,  and 
so-called  resistance-coils  are  part  of  the  ordinary  equipment 
of  a  physical  laboratory.  They  consist  of  spools  upon 
which  are  wound  pieces  of  silk-covered  or  cotton-covered 
wire,  long  or  short,  thick  or  thin,  according  to  the  particu- 
lar service  each  coil  has  to  perform.  To  avoid  magnetic 
action  from  these  coils  the  wire  is  wound  upon  them  in  such 
a  way  that  half  the  turns  carry  a  current  in  one  direction 
and  half  in  the  other  direction.  This  can  be  easily  done  if 
the  wire  is  doubled  before  it  is  wound  on  the  spool. 

Much  attention  has  been  given  to  the  choice  or  invention 
of  materials  for  resistance-coils.  The  qualities  most  needed 
are  constancy  of  resistance  (through  changes  of  tempera- 
ture, lapse  of  time,  etc.),  absence  of  troublesome  thenno- 
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electric  *  qualities,  high  specific  resistance  (§  3S8),  and 
convenience  of  working. 

Certain  alloys  of  two  or  more  metals  are  found  to  have 
very  great  specific  resistance  and  to  change  in  resistance  far 
less  with  change  of  temperature  than  most  pm-e  metals. 
Accordingly,  alloys  are  generally  used  in  the  construction 
of  resistance-coils.  German-silver,  the  specific  resistance 
of  which  is  about  thirteen  times  as  great  as  that  of  copper 
and  increases  about  1  per  cent  with  a  rise  of  23°  C,  has 
been  very  commonly  employed.  But  there  are  other 
alloys,  notably  manganin,  composed  of  copper,  manga- 
nese and  nickel,  that  are  now  preferred  to  German-silver 
for  the  best  work.  The  resistance  of  manganin  changes 
far  less  than  that  of  German-silver  with  change  of  tempera- 
ture, 

A  set  of  resistance-colls  is  usually  arranged  in  a  wooden 
ease  with  some  convenient  means  for  putting  any  or  aU  of 
them  into  or  out  of  the  circuit.  A  set  of  resistances  so 
encased  is  called  a  "resistance-box." 

302.  Theory  of  Wheatstone's  Bridge. — The  comparison 
of  resistances  by  "substitution,"  as  in  Exercises  54 and  55, 
is  simple  in  theorj'  and  is  sufficient  for  some  purposes;  but 
far  more  accurate  measurements  of  resistance  can  be  made 
by  means  of  a  device  called  Wheatstone's  bridge. 

This  latter  method  requires  the  use  of  an  astatic  gal- 
fvanometer  (§  3S0},  and  of  one  or  more  conductors  the 
resistance  of  which  is  already  known.  Such  conductors  are 
usually  in  the  form  of  resistance-coils  of  any  convenient 
number  of  ohms. 

The  following  experiment  with  a  simple  form  of  Wheat- 
stone's bridge  is  intended  to  develop  the  theory  of  its  use. 

*  A  beam  of  sunlight  falling  upon  a  junction  of  diammilar  metala 
nay  utterly  derange  delicate  eluclrical  experiments. 
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EXPERIMENT. 
(Preliminary  to  Exercise  56.) 

Stretch  a  piece  of  No.  30  uncovered  copper  wire  from  a  to  b  of 
No.  106  (Fig.  267),  fastening  it  carefully  beneath  the  washers  voider 
the  lower  nuts. 


n  cc 
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Copper  wiire.--' 


Fig.  267. 


Connect  with  the  astatic  galvanometer  (Fig.  268)  two  thin  covered 

wires  each  about  1  m.  long. 

Send  the  current  from  a  Daniell  cell 
in  at  a  and  out  at  6.  This  current  divides, 
a  part  going  through  the  G.-s.  wire,  but 
the  larger  part  through  the  parallel  copper 
wire. 

Hold  one  of  the  galvanometer-wires 
against  any  point  of  the  G.-s.  wire,  at  p 
for  instance,  and  then  touch  the  other  gal- 
vanometer-wire to  various  points  on  the 
copper  wire,  until  a  point  of  contact,  p',  is 
found  that  gives  no  current  through  the 
galvanometer,  the  contact  at  p  being  all 
the  while  maintained. 

The  two  points  p  and  p',  between  which 
no  current  flows  when  they  are  connected, 
are  called  a  pair  of  equipotential  poirUs 
(§  361).  Let  the  parts  into  which  p  divides  the  G.-s.  wire  be  called 
h  and  i,  and  the  parts  into  which  p' -divides  the  copper  wire  be  called 
/  and  k. 

Experiment  with  various  pairs  of  equipotential  points  (none  of 
which  should  be  very  near  the  ends  of  the  wires,  because  of  certain 
imperfections  of  the  apparatus  at  these  ends)  until  it  becomes  dear 
that  in  every  case 

h  :ii:j  :k. 


Fig.  268. 
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Call  the  resistances  of  the  parts  h,  i,  j,  and  k,  respect- 
ively, H,  /,  J  J  and  K.  Then,  from  the  known  relation 
between  resistance  and  length,  §  388,  we  have 

H:I::J:K,    and    h:i::J:K, 
whence 

K      %' 

This  shows  that,  if  we  know  the  number  of  ohms  in 
either  J  or  K,  and  know  the  ratio  of  the  two  lengths  h  and 
i,  we  can  at  once  find  the  number  of  ohms  in  the  other 
resistance,  K  or  J.  This  is  the  theory  of  the  Wheatstone- 
bridge  *  method  of  measuring  resistances. 

In  the  further  use  of  the  bridge  the  copper  wire  from  a 
to  &  is  removed. 

EXERCISE  56. 
MEASUREMENT  OF  RESISTANCE  WITH  THE  WHEATSTONE 

BRIDGE.      ' 
Apparattis:  A  Daniell  cell.     A  Wheatstone  bridge  (No.  106).    An 
astatic  galvanometer  (No.  107).     The  20-m.  copper  coil  (No.  103  c). 
A  box  of  resistance-coils  (No.  108),  with  values  given  in  ohms,  or 
at  least  some  known  resistance  of  about  5  ohms.     Screw  calipers. 

Introduce  the  copper  coil,  the  resistance  of  which  is  to  be  measr 
ured,  as  J,  between  the  binding-posts  d  and  e  in  Fig.  269.  Intro- 
duce a  known  resistance  as  K,  between  the  posts  /  and  g,  in  the  same 
figure.  Connect  one  wire  from  the  galvanometer  to  the  binding- 
post  m.  Connect  the  other  galvanometer-wire  to  the  piece  that 
makes  sliding  contact  with  the  straight  G.-s.  wire,  setting  the  con- 
tact at  first  at  the  middle  point  of  this  wire. 

Attach  one  of  the  cell-wires  to  the  binding-post  a.  Touch  the  other 
cell-wire  for  an  instant  to  the  post  6,  and  note  the  effect  upon  the 
galvanometer.  If  the  needle  does  not  move,  it  is  probable  that  the 
contact  of  the  slider  with  the  G.-s.  wire  is  not  good.  If  the  needle 
do«3  move,  observe  the  direction  and  magnitude  of  its  motion. 

Move  the  sliding  contact  to  some  new  position,  and  again  note  the 

*  Wheatstone,  though  he  was  not,  and  did  not  claim  to  be,  t' 
inventor  of  this  inethod,  was  the  one  to  make  it  generally  kno 
The  wire  leading  acr^s^  frpm  »  to  y'  was  originally  called  a  bri 
The  main  apparatus  iS  how  called  a  bridge. 
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effect  upon  the  galvanometer  when  the  cell-wire  touches  b  tor  an 
inatont.  Experinipnt  in  this  way  till  some  point  p  ia  found  whirh 
gives  no  perceptible  current  when  contact  ia  naade  and  continued 
for  a  second  or  two  at  6.     (Prolonged  contact  at  6  will  allow  the  cop- 


per coil  to  be  heated  by  the  ciirrent  and  suffer  change  of  reaBtajiee,) 
It  ia  best,  after  a  little  experimenting,  to  introduce  such  a  resist&co) 
at  K  that  the  equilibrium  point  p  will  be  not  far  from  the  middle  of 
the  wire. 

The  distances  ft  and  i  are  now  read.  Obsen'ing  that  the  resirt- 
aneea  of  the  thick  copper  stripa  of  the  bridge  are  very  small  com- 
pared with  J  and  K,  we  have 


K 


J=KX". 


The  resistance  of  the  copper  wire  ia  thus  found  in  ohms.  To  find 
it8  specific  resistance  we  must  take  account  of  its  length,  20  in.,  and 
ite  diameter,  which  may  be  found  by  the  screw  calipers. 

A  profitable  extension  of  thia  Exercise  ia  the  following: 

Measure  the  reaistance  of  two  wires,  for  example  200  em.  of  No. 
30  G.-8.  wire  and  120  cm.  of  the  same  kind  of  wire,  singly. 

Measure  the  remstance  of  the  aame  two  wires  connected  with  each 
other  in  multiple. 

Prom  the  meaaured  single  resistances  calculate  what  the  multiplf 
reastance  should  be,  and  compare  the  result  with  the  value  of  the 
multiple  resistance  found  by  direct  measurement. 

393.  Temperature-coefficient  of  Resistance. — The  eleo- 

trical  resistance  of  most  conductors  changes  with  change  of 
temperature.  In  metals,  and  most  alloys  of  raetals  thus 
far  testfid,  the  resistance  increases  with  rise  of  temperature. 
The  G.\'act  relation  betweerv  \\ve  t^No  changjis  through  a  great 
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xange  of  temperature  is  probably  very  complicated,  but  for 
many  purposes  it  is  near  enough  to  the  truth  to  assume  that 
the  resistance  increases  in  "proportion  to  the  increase  of 
temperature.  This  relation  can  be  put  into  mathematical 
form  thus: 

where  R^=ihe  resistance  of  the  conductor  at  0°  C, 
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7*  =a  constant  quantity,  called  the  temperature-coef 
fident  of  resistance.    Solving  for  y,  we  get 

r=(ie-ieo)-/2o«. 

PROBLEMS. 

(1)  If  the  resistance  of  a  certain  G.-s.  wire  is  15  ohms  at  0°  C,  what 
is  its  resistance  at  70°  C,  the  temperature-coefficient  being  .00044? 

(2)  If  the  resistance  of  a  certain  silver  wire  is  20  ohms  at  0°  C, 
and  25.7  ohms  at  75°  C,  what  is  the  temperature-coefficient? 

EXERCISE  57. 
TEMPERATURE-COEFFICIENT  OF  RESISTANCE. 

Apparatus:   A  Daniell  cell.     A  Wheatstone  bridge.     An  astatic 
galvanometer.     A  known  resistance  of  1  or  2  ohms.     A  "  tempera- 
ture-coil"    (No.     109).     A 
vessel    of    ice-water.     The 
boiler  (No.  80),  without  top. 


The  unknown  resistance 
J  (see  preceding  Exercise)  is 
now  the  "  temperature- 
coil,"  which  is  attached  to 
the  Wheatstone  bridge  in 
the  manner  indicated  by 
Fig.  270. 

Measure  carefully  the  re- 
sistance of  this  coil  while  it 
is  in  ice-water.  Measure  its 
resistance  again  with  equal 
care  while  it  is  in  the  boiling  Fiq.  270. 

water. 

Calculate  the  temperature-coefficient  of  resistance. 
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3j>4.  Battery  Resistance. — From  what  we  have  already 
learned  concemmg  resistance  it  is  possible  to  make  a  shrewd 
guess  as  to  the  effect,  upon  battery  resistance,  of  changes 
in  size  or  distance  of  plates,  or  combination  in  series  or  in 
multiple.  Nevertheless,  the  following  Exercise,  in  which 
these  matters  are  touched  upon,  will  not  be  unprofitable. 

EXERCISE  58. 
BATTERY  RESISTANCE. 

Apparatus:  Two  similar  Daniell  cells.     A  galvanoscope.    A  com- 
mutator.    A  resistance-box. 

Allow  the  pores  of  the  cups  to  fill  with  liquid  (see  Exercise  54) 
before  the  cups  are  placed  in  the  jars. 

Variation  of  Effective  Plate-area. — Put  one  of  the  cells  in  circuit, 
through  the  commutator,  with  the  5-tum  sec- 
tion of  the  galvanoscope. 

(1)  Keeping  the  porous  cup  in  contact  with 
one  side  of  the  jar,  and  the  copper  and  zinc  as 
near  together  as  may  be  (see  Fig.  271),  make 
and  record  the  reading,  then  reverse  the  com- 
mutator and  read  and  record  again. 

(2)  Without  changing  the  distance  between  p^^  271 
the  copper  and  the  zinc,  raise  both  of  them  till 

they  dip  about  1  cm.  only  below  the  surface  of  the  liquids.     While 

they  are  in  this  position,  read,  reverse,  and  read 
again.     Compare  with  (1). 

(3)  Variation  of  Distance  between  Plates.— 
Keeping  the  porous  cup  in  contact  with  the  side 
of  the  jar,  put  the  plates  as  far  apart  as  may  be 
(see  Fig.  272),  and  while  they  are  in  this  posi- 
tion read,  reverse,  and  read  again.     Compare 

F.O.  272.  '^^  (1)- 

Cells  in  Parallel. — Join  the  two  cells  in  paral- 
lel, zinc  to  zinc  and  copper  to  copper  (see  Fig.  273),  and  put  them 
thus  joined  into  the  circuit,  through  the  commutator  and  the  resist- 
ance-box, with  the  5-tum  section  of  the  galvanoscope. 

(4)  Adjust  the  resistance-box  so  that  none  of  its  coils  shall  be  in 
the  circuit ;  read,  reverse,  and  read  again. 

(5)  Introduce  a  resistance  of  5  or  more  ohms,  read,  etc. 
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CdU  in  Series. — Join  the  two  cells  in  series,  other  smngements 
being  as  before. 

(6)  Take  readings  with  no  coils  of  the  box  in  circuit. 

(7)  Take  readings  with  the  same  coils  in  circuit  that  were  used 
with  the  cells  in  paraUeL 

Under  what  conditions  does  the  multiple,  or  parallel,  arrangement 
of  the  cells  give  a  stronger  current  than  the  series  arrangement? 

Under  what  conditions  does  the  series  arrangement  give  a  stronger 
current  than  the  multiple  arrangement? 


Fio.  273. 

395.  Resistance  of  Celk  in  Combination ;  Resistance  of 
the  Whole  Circuit;  Further  Use  of  Ohm's  Law.— The 
fact  is,  that  The  resistance  of  n  similar  c^lls  in  series  is  n 
times  as  great  as  that  of  one  of  the  cells  alone,  and 

Tlie  resistance  of  n  similar  cells  in  multiple  is  equal  to 

-  that  of  one  cell  alone.    (See  §  390.) 

If  the  resistance  of  a  batterj-  is  called  i?6,  and  that  of  the 
part  of  the  circuit  external  to  the  batter}-  is  called  R^ 
Ohm's  law  (§  386)  takes  the  f  omi 

E 


C= 


R^^Rh 
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Ohflerve  that  if  it,  is  very  luge  in  oomparisaii  ^th  fir- 
one  hundred  times  as  hige,  for  instance, — doubling  or  treb- 
fing  S^  win  make  but  litile  diffidence  in  the  value  of  C. 
Bat  if  It,  is  not  laige  compared  with  B^  doubling  or  treb- 
ling the  latter  will  make  a  great  difference  in  the  value  of  C. 

Recall  the  fact  (f  381)  that  combining  cells  in  teria 
makes  the  e.  m.  f .,  E,  of  the  battery  proportional  to  fhe 
number  of  ceDs,  while  combining  them  in  multiple  leaves 
the  e.  m.  f .  of  the  battery  equal  to  that  of  one  cell. 

Accordingly,  when  iZ6.is  very  small  compared  with  R„ 
the  current  C  will  be  greatest  when  the  cells  are  joined  in 
series;  for  the  advantage  of  maximum  E  more  than  offsets 
the  disadvantage  of  maximum  R^  in  this  case.  See  Exer> 
dse  58. 

If  £6  is  large  compared  with  R^,  it  may  be  of  advantage 
to  combine  the  ceDs  in  multiple,  sacrificing  E,  to  some 
extent,  for  the  sake  of  reducing  R^,    See  Exercise  58. 

When  one  has  a  given  number  of  similar  cells  to  be 
arranged  at  will  for  the  purpose  of  sending  the  maximum 
current  through  a  certain  known  external  resistance,  the 
proper  rule  to  follow  (of  which  no  proof  will  be  here  given) 
is  this :  Join  the  cells  in  such  a  way  ds  to  make  the  resistance 
of  the  battery  equal,  as  nearly  as  may  be,  to  the  resistance  o] 
the  external  part  of  the  circuit. 

This  rule  will  sometimes  require  all  the  cells  to  be  ar- 
ranged in  series,  which  will  make  the  battery  resistance  a 
maximum,  but  it  must  not  be  supposed  that  this  arrange- 
ment is  adopted  for  the  sake  of  making  the  battery  resist- 
ance large.  It  is  adopted  for  the  sake  of  making  the 
electromotive  force  large,  and  in  spite  of  the  fact  that  it 
increases  the  battery  resistance. 

To  illustrate  the  working  of  the  rule,  let  us  suppose  that 
we  have  to  arrange  12  cells,  each  having  an  electromotive 
force  of  1  volt  and  a  resistance  of  1  ohm,  in  such  a  way  M  ^ 
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to  send  the  strongest  current  through  an  external  resistance 
of  3  ohms.    With  the  cells  all  in  series  we  have 

with  the  cells  2  abreast  and  6  in  series, 

C=-g— g-=l  (ampere); 

with  3  abreast  and  4  in  series, 

n        4        12,  , 

with  4  abreast  and  3  in  series, 

3        4 


C=-g-p3-  =  - (ampere); 


with  6  abreast  and  2  in  series, 


C=-^— r-=^  (ampere); 
with  all  the  cells  abreast, 

C=3q!^=i  (ampere). 

We  have  in  this  discussion  assmned  the  resistance  of  a 
cell  to  be  a  fixed  quantity.  The  fact  is,  however,  that  the 
resistance  of  a  cell,  like  its  electromotive  force,  is  somewhat 
variable,  being  dependent  upon  the  strength  of  current  and 
certain  other  conditions. 

When,  as  sometimes  happens,  one  part  of  a  battcjry  is  H(»t 
up  in  such  a  way  as  to  oppose  the  other  part  («<je  cjxpcjri- 
ment  in  §  381),  the  effective  e.  m.  f.  of  the  battery  is  equal 
to  the  difference  of  the  e.  m.  f  .'s  of  the  opposing  partn.  The 
total  resistance,  however,  is  the  same  as  if  both  parts  were 
directed  in  the  same  way. 
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PROBLEM& 

(1)  If  the  resistance  of  a  single  galvanic  cell  is  0.8  ohm,  how  great 
is  the  resistance  of  4  such  cells  joined  in  "  series  "? 

(2)  What  would  be  the  resistance  of  4  of  these  cells  joined  abreast 
or  in  multiple  arc? 

(3)  What  would  be  the  resistance  of  the  same  number  of  tliese 
cells  joined  in  a  square,  two  cells  wide  and  two  cells  long? 

(4)  If  each  of  these  cells  had  an  electromotive  force  of  1.8  volts, 
what  would  be  the  electromotive  force  of  each  of  the  combinations 
mentioned  in  the  three  preceding  problems? 

(5)  If  each  combination  in  turn  were  used  in  a  circuit  having  an 
external  (outside  the  battery)  resistance  of  100  ohms,  how  great 
would  the  current  be  in  each  case? 

(6)  How  great  would  the  ciurrent  be  in  each  case  if  the  external 
resistance  were  1  ohm? 

(7)  How  great  would  the  current  be  in  each  case  if  the  external 
resistance  were  0.1  ohm? 

(8)  If  6  cells,  each  having  an  e.  m.  f .  of  2  volts  and  a  resistance  of 
0.5  ohm,  were  joined  in  series  in  opposition  to  a  series  of  12  cells, 
each  having  an  e.  m.  f.  of  1.5  volts  and  a  resistance  of  1  ohm,  the 
external  resistance  being  2  ohms,  which  set  of  cells  would  prevail, 
and  how  great  would  the  current  be? 

(9)  If  an  arc-lamp  has  a  resistance  of  5  ohms  and  requires  a  cur- 
rent of  10  amperes,  what  e.  m.  f.  does  it  require? 

(10)  If  a  sixteen-candle  power  incandescent  electric  lamp  requires 
a  current  of  0.5  ampere  and  an  e.  m.  f.  of  100  volts,  what  is  its  re- 
sistance? 

(11)  If  the  e.  m.  f.  available  for  an  electric  circuit  is  2000  volts, 
and  if  the  resistance  of  a  single  arc-lamp  is  5  ohms,  how  many  such 
lamps  placed  in  series  would  reduce  the  current  to  10  amperes,  the 
proper  strength  for  such  lamps? 

(12)  If  an  incandescent  lamp  has  a  resistance  of  200  ohms  and 
requires  a  current  of  0.5  amperes,  how  many  cells  connected  in  series, 
each  having  an  e.  m.  f.  of  1  volt  and  a  resistance  of  0.5  ohm,  would 
be  required  to  operate  it? 

(13)  If  an  arc-lamp  having  a  resistance  of  5  ohms  requires  a  cur- 
rent of  10  amperes,  would  1000  cells  like  those  of  the  preceding 
problem,  arranged  100  in  series  and  10  abreast,  be  more  or  less  tian 
sufficient  to  operate  it? 


CHAPTER  XXXIII. 

ELECTROMAGNETISM  AND  INDUCED  CURRENTS;  IMPOR- 
TANT  APPLICATIONS  OF  ELECTRICITY  AND  MAGNET- 
ISM. 

Electromagnetism. 

396.  Discovery. — Oersted  of  Copenhagen  (1777-1851) 
discovered  the  directive  action  of  the  electric  current  upon 
the  magnetic  needle  in  1820.  In  the  same  year  Arago,  a 
Frenchman  (1786-1853),  and  Davy  (§  254)  discovered  that 
an  electric  current  can  produce  magnetization  in  soft  iron. 
These  discoveries  have  been  followed  up  by  a  multitude  of 
experimenters,  and  now  electromagnets,  that  is,  masses  of 
iron  or  steel  made  magnetic  by  the  passage  of  an  electric 
current  through  a  wire  coiled  about  them,  are  familiar 
objects  to  neariy  everybody. 

EXPERIMENT. 

Connect  the  poles  of  a  galvanic  cell  by  means  of  a  piece  of  un- 
covered copper  wire  and  dip  one  part  of  this  wire  into  a  mass  of  iron 
filings.     It  was  in  this  way  that  Arago  made  his  discovery. 

Show  the  magnetizing  action  of  the  current  by  passing  it  through 
a  coil  of  wire  surrounding  a  core  of  soft  iron. 

397.  Electromagnetic  Telegraph. — The  essentials  of  a 
telegraphic  outfit  are  very  simple. 

The  battery  may  be  of  one  or  more  galvanic  cells,  accord- 
ing to  the  resistance  of  the  circuit. 
The  sounder  (Fig.  274)  consists  of  an  electromagnet,  m, 

a  lever  l,  pivoted  at  p  and  carrying  a  piece  of  soft  iron  i, 
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which  iron  attracted  by  the  electromagnet,  is  drawn  down- 
ward, stretching  the  spring  8,  and  bumping  the  end  of  the 
lever  against  the  lower  stop.  It  is  this  bumping  which 
^ves  the  familiar  click  of  the  instrument  in  operation  and 
justifies  its  name. 

Two  clicks  coming  close  together  are  called  a  dot,  two 
clicks  about  twice  as  far  apart  are  called  a  dash.    Various 
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groups  of  dots  and  dashes  indicate  the  letters  of  the  alpha- 
bet. In  the  following  table  a  dot  is  indicated  thus,  -,  and 
a  dash  thus,  — .  The  table  is  called  Morse's  alphabet,  from 
its  inventor,  an  American  (1791-1872),  who  was  one  of  the 
foremost  leaders  in  the  development  of  telegraphy. 


A- 

J- 

S- 

B      --- 

K      - 

T- 

C      -      - 

L-      -- 

U- 

D      -- 

M 

V- 

E- 

N      - 

w 

F--      - 

0 

X 

G 

P- 

Y 

H 

Q 

Z- 

I-- 

R-      - 

This  alphabet  is  still  the  international  code. 
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The  alphabet  now  used  in  this  country  differs  from  that 
of  Morse  in  the  following  cases : 


C--    - 

0-    - 

X 

F-      - 

P 

Y 

J 

Q 

Z 

L 

R-     -- 

The  key  (Fig.  275)  consists  of  a  lever  pivoted  at  p,  sub- 
ject to  a  spring  c,  operated  by  the  hand  pressing  down  the 
knob  k  against  the  stop  m,  which  operation  closes  the  cir- 
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cult.    The  action  of  the  spring  makes  it  possible  to  work 
the  lever  up  and  down  rapidly. 

When  not  in  use  the  key  is  shunted^  that  is,  side-tracked, 
by  a  metal  bar  s,  called  a  switch,  connecting  m  and  p. 

The  arrangement  of  a  short  telegraphic  line  is  indicated 
in  Fig.  276,  where  the  left-end  switch  is  open  and  the 
right-end  switch  is  closed.  The  message  now  enters  at  the 
left. 


^3-K 


El 


'M    W% 


Earth 


Earth 
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On  permanent  hnes  the  return  wire  is  dispensed  with, 
connection  being  made  with  the  earth  at  each  end  of  the 
line,  as  the  dotted  lines  of  the  figure  indicate. 
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When  a  line  is  very  Imig  the  battery  at  (me  end  may  not 
be  suffident  to  nvrk  the  sounder  effectuaUy  at  the  other 
end.  In  such  a  case  it  is  made  to  operate  an  eiectroiiuigDet 
called  a  rday^  sli^t  pulsaticms  of  which  bring  into  actioa 
another  battery  at  the  distant  station,  and  the  cuirent  from 
this  second  battery  worics  the  sounder. 

KIKilCISE  59. 
TBLEOMAPBIC  SOUNDBB  AND  KJBY. 

Put  iogeihfer,  "ntmnnlAe"  the  parts  of  a  veiy  simple  tdl^gnphlc 
key  and  sounder,  the  latter  delicate  enou^  to  be  operated  by  the 
current  from  a  single  Daniell  edL 

The  key  may  be  something  like  Fig  277,  where  &  b  a  strip  of 


Pio.  277. 
spring-brass,  and  the  sounder  may  be  correspondingly  ample. 

398.  The  Telephone. — The  necessary  apparatus  of  a 
telephone  line  is  as  simple  as  that  of  a  telegraph  line,  but  its 
adjustment  is  far  more  delicate  and  difficult. 

In  Fig.  278,  m  is  a  mouthpiece  behind  which,  held  rather 
loosely,  is  a  diaphragm,  D,  of  thin  soft  iron.    Beyond  the 

FiQ.  278. 

diaphragm  is  a  steel  magnet  6,  on  the  nearer  end  of  which 
is  a  coil  of  fine  wire  C.  At  the  other  end  of  the  line  are 
the  counterparts  m',  £>',  etc. 

Each  of  the  diaphragms  lies  all  the  time  in  a  magnetic 
field.  Any  movement  of  the  diaphragm  D,  for  instance, 
makes  a  slight  change  in  the  strength  or  distribution  d 
the  lines  of  magnetic  force  in  and  about  the  end  of  tlli 
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magnet  h.  This  change  induces  (§  404)  a  current  of  elec- 
tricity in  the  coil  C,  and  this  current,  passing  also  through 
C,  produces  a  slight  magnetic  change  in  or  about  the  end 
of  b\  and  so  causes  a  movement  of  the  iron  diaphragm  D\ 

The  chief  new  wonder  revealed  by  the  telephone  was, 
that  movements  so  slight  as  those  of  the  second  diaphragm 
could  produce  audible  sounds,  and  that  these  sounds  could 
simulate  and  reproduce  human  speech. 

The  arrangement  of  apparatus  shown  in  Fig.  278  can  be 
used  for  short  distances  only.  It  consists  of  two  Bell 
receivers,  which  are  used  also  as  transmitters.  For  long 
lines  the  Blake  transmitter  has  been  much  used  in  conjunc- 
tion with  a  battery  and  an  induction-coil  (§  408). 

The  plan  of  the  Blake  transmitter  is  shown  in  Fig.  279, 
where  m  is  the  mouthpiece,  D  the  metal  diaphragm,  be- 
tween which  and  the  soft  carbon  *' button"  C  there  is  a 
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bit  of  platinum  suspended  in  metallic  connection  with  the 
wire  w,  I  is  an  induction-coil.  When  the  apparatus  is 
not  in  use  a  small  current  of  electricity  runs  from  the 
battery  through  C  to  the  platinum,  which  presses  C  lightly, 
then  through  w  to  the  primary  coil  of  I.  The  secondary 
of  /  is  in  connection,  by  means  of  two  wires  or  one  wire  and 
the  earth,  with  the  distant  telephone. 

Speech  directed  against  D  varies  many  times  a  second 
the  pressure  of  D  against  the  platinimi  and  of  the  platinimi 
against  C  This  variation  of  pressure  changes  the  resist- 
ance of  the  circuit,  which  resistance  is  largely  at  the  point 
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of  contaici  with  Cy  and  so  varies  the  stfength  of  the  eunaik 
sent  thiough  the  primary  €xi  the  induetion-ooil.  Aoond^ 
in^,  induetioii-eunentBy  ooireBponding  to  the  vihratkos 
of  D,  are  sent  to  the  leodving  tdephone,  which  leproduen 
in  speedi  what  is  spoken  into  the  transmitter. 

399.  Definitioii  of  Electric  Motors. — An  electric  motor 
is  a  machine  for  producing  mechanical  energy,  or  work, 
from  the  energy,  or  work,  of  electric  currents.  { 

The  possibility  of  such  a  machine  is  shown  by  the  eases 
already  described  in  this  book  of  magnets  moved  by  electric  i 
currents.  In  fact,  every  galvanometer  is  in  some  sense  an 
electric  motor;  but  in  the  ordinary  sense  of  the  term  an 
electric  motor  is  a  contrivance  by  means  of  which  contmu- 
ous  rotation  of  a  coil  of  wire  carrying  an  electric  current,  or 
of  a  combinati(m  of  magnets  and  coils,  is  maintained  by 
current  action. 

The  fact  that  this  motion,  which  alwa3rs  accomplishes 
some  mechanical  work,  requires  the  expenditure  of  electric 
energy  and  tends  to  weaken  the  electric  current  that  main- 
tains it  will  be  discussed  later  (§  406). 

Certain  experiments  will  presently  be  described,  which 
illustrate  the  development  of  electric  motors  from  the 
stage  of  mere  scientific  interest  to  that  of  commercial 
importance. 

400.  An  Elementary  Motor. — ^Fig.  280  represents  a  coil 
of  wire,  C,  mounted  in  such  a  way  as  to  revolve  freely 
between  the  poles,  N  and  S,  of  a  horseshoe  magnet.  The 
ends  of  the  coil  are  soldered  to  plates  of  metal  m  and  «', 
which  are  fastened  to  the  upright  axis  a,  but  are  insulated 
from  it,  that  is,  separated  from  it  by  some  non-conductor 
of  electricity.  The  arch  at  the  top  of  the  figure  is  of  hntBt  j 
and  supports  two  binding-posts,  p  and  p',  which 
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sulated  from  it.     From  p  and  j/  elastic  strips  of  nietal,  s 
and  «',  reach  to  the  plates  m  and  m'. 

A  current  of  electricity  entering  at  p  wiU  pass  by  s  to  m, 
then  through  c  to  m',  and  out  by  way  of  V  and  p^.    The  cur- 


rent uBed  with  this  apparatus  may  be  supphed  by  one  or 
more  Daniel  cells. 

At  the  centre  of  a  coil  the  line  of  the  mi^netic  force  due 
to  a  current  in  the  coil  itself  is  (see  Exercise  53)  at  right 
angles  with  the  plane  of  the  windings,  and  so  directed  that, 
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to  an  observer  looking  forward  along  it,  the  current  circu- 
lates clockwise  in  the  coil.  This  line  of  magnetic  force  will 
now  be  called  the  axial  magnetic  line  of  the  coU. 

The  lines  of  magnetic  force  of  the  magnet  are  diredfid 
from  N  to  S. 

EXPERIMEIIT  I. 

Fasten  back  the  springs  s  and  ^  so  that  they  shall  not  touch  m 
and  m\  Setting  the  coil  in  various  positions,  touch  the  battery 
wires  to  m  and  m',  and  continue  the  experiments  imtil  the  following 
facts  are  illustrated: 

1st.  That  there  are  two  positions  of  the  coil  from  which  the  current 
does  not  turn  it,  namely,  those  in  which  the  axial  magnetic  line  of  the 
coil  is  parallel  to  the  line  NS,  These  two  positions  of  the  coil  may 
be  called  its  dead-points. 

2d.  That,  if  the  coil  is  in  any  other  position  than  one  of  its  dead- 
points  when  the  current  is  sent  through  it,  the  coil  tends  to  turn  in 
thai  direction  which  will  bring  it,  by  the  shortest  course,  into  the  posi- 
tion where  its  axial  magnetic  line  is  in  the  same  direction  as  the  line 
NS,  the  line  of  the  magnetos  force. 

The  coil  can  be  made  to  rotate  past  its  dead-points  by  its 
own  momentum,  and,  if  the  contacts  of  the  springs  s  and 
s'  against  m  and  m'  are  so  contrived  as  to  send  the  current 
in  through  m  and  m'  alternately,  the  changes  taking  place 
at  the  dead-points,  the  coil  can  be  kept  in  continuous  rota- 
tion in  one  direction. 

EXPERIMENT  2. 

Release  the  springs  s  and  s',  so  that  they  will  bear  lightly  against 
the  plates  m  and  m'  respectively,  and  so  adjust  them  that  each 
spring  will  change  from  one  plate  to  the  other  when  the  coil  is  at 
either  dead-point. 

Connect  the  wire  from  the  copper  end  of  the  battery  with  p,  the 
other  wire  with  p',  and  observe  the  effect.  Then  reverse  the  con- 
nections at  p  and  p',  and  again  note  the  effect. 

401.   Electromagnetic  Fields    and    Armatures. — The 

apparatus  just  used  is  an  electric  motor,  with  a  magnetic 
field  produced  and  m^a.\xi\,«Aii«e,d  by  a  permanent  magnet,  and 
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a  revolving  part,  or  **armaiure"  containing  no  iron.  The 
direction  of  rotation  of  such  a  motor  depends  upon  the 
direction  of  the  electric  current. 

As  electromagnets  (§  396)  are  more  powerful  than  per- 
manent magnets,  it  is  an  obvioius  improvement  to  use  an 
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electromagnet  to  furnish  the  field,  and  this  is  done  in  all 
large  motors.  It  is  less  obvious,  but  equally  true,  that 
there  is  a  great  advantage  in  furnishing  the  armature  with 
an  iron  core  upon  which  the  coil  is  wound,  and  this  Ih 
ivniRUy  done. 

changes  give  power,  and  they  bring;  ai\(>\)[\0T  «i(Vn  vcvv 
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tage,  namely,  that  the  armature  revolves  always  in  Ibe 
same  direction  without  regard  to  the  direction  of  the  cm^ 
rent.  This  fact  can  be  shown  by  means  of  a  simple  form 
of  apparatus  like,  that  of  Fig.  281.  In  this  apparatus  the 
current  entering  at  p  divides  at  the  point  o,  part  grang 
through  the  windings  of  the  field-magnet  to  j/,  where  it 
joins  the  other  part,  which  has  passed  through  the  windings 
of  the  armature. 

A  conductor  that  leads  ofif  from  the  main  circuit  and 
returns  to  it  farther  on  is  called  a  shunt j  and  a  motor  like 
that  of  Fig.  281,  in  which  the  current  is  thus  divided,  is 
called  a  "shunt-wound"  motor.  Motors  for  business  pm^ 
poses  are  usually  shimt-wound. 

It  is  easy  to  modify  the  connections  of  Fig.  281  (see 
dotted  lines)  so  as  to  make  the  whole  current  go  through 
the  windings  of  the  armature  and  the  windings  of  the  field- 
magnet.    The  motor  is  then  said  to  be  "series-wound." 

The  armature  of  the  series-motor,  Uke  that  of  the  shunt- 
motor,  revolves  in  the  same  direction  whether  the  current 
enters  at  p  or  at  the  other  terminal,  the  fact  being  that  re- 
versing the  current  reverses  the  direction  of  the  magnetic 
lines  of  the  field  and  reverses  the  magnetic  direction  of  the 
armature  at  the  same  time.  If  only  one  of  these  conditions 
were  reversed,  the  direction  of  rotation  would  be  reversed. 

EXPERIMENT. 

Illustrate  by  means  of  Apparatus  No.  CXXTV  the  facts  stated  in 
§  401. 

402.  Ring  Armatures  and  Drum  Armatures. — ^The  two 
plates  m  and  m',  on  the  axis  of  revolution  in  Fig.  280,  by 
means  of  which,  when  in  revolution,  the  current  in  the  coil 
is  reversed  at  every  passage  of  a  "dead-point,"  make  what 
is  called  the  commutator  of  the  motor.  Motors  are  usuafly 
made  with  a  considerable  number  of  coils,  or  "sections,"- 
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set  at  diflferent  angles  around  the  axis  of  revolution  of  the 
armature,  and  the  commutator  consists  of  a  number  of  barsj 
one  for  each  "section"  of  the  windings,  placed  upon  the 
axis. 

Fig.  282  shows  an  armature  with  four  sections,  S^j  82, 
S3,  S4,  and  four  commutator-bars,  or  plates,  ft^,  62;  ^8>  ^4- 
The  sections  are  wound  on  a  ring  of  soft  iron,  and  each 
section  is  connected  directly  by  wires  with  two  of  the 
commutator-bars.  Two  conductors,  called  the  '^bnLshes/\ 
corresponding  to  the  springs  s  and  s'  of  Fig.  280,  lead  the 
current  to  the  commutator,  and  take  it  away  after  it  has 
traversed  the  sections  of  the  armature.  If  the  current  is 
just  now  entering  at  the  bar  63,  by  way  of  the  upper  brush, 
it  divides  there,  part  going  through  sections  S^  and  S4,  the 
other  through  sections  S2  and  i%  and  these  parts,  uniting 


Fig.  282. 

at  the  bar  64,  where  the  second  brush  touches,  go  out  as  one 
current. 

K  now  the  magnetic  lines  of  the  field  in  which  the  arma- 
ture revolves  are  horizontal  and  extend  from  left  to  right,  it 
^ill  be  seen,  from  what  is  said  in  §  400,  that  all  the  sections 
tend  to  rotate  in  the  same  direction,  that  is,  clockwise. 
But  the  only  way  the  sections  have  of  rotating  is  to  turn 
the  whole  armature  about  its  axis,  and  this  they  do. 
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The  form  of  armature  shown  in  Fig.  282  is  called  a  riv^ 
armature.  The  sections  are,  one  may  say,  wound  on  the 
rim  of  a  wheel,  the  soft  iron  ring. 

Another  form  of  armature  has  no  ring,  but  rather  a  hub 
of  soft  iron  upon  which  the  sections  are  wound,  as  m  Fig. 


Fio.  283. 

283.     This  form  is  called  a  drum  armature.    The  principle 
of  the  two  forms  is  the  same. 

EXPERIMENT. 
Show  in  operation  upon  the  lecture-table  a  small  motor  of  indus- 
trial form. 

EXERCISE  6o. 

ELECTRIC  MOTOR. 

Put  together,  "  assemble,"  the  parts  of  a  small  electric  motor,  to 
be  driven  by  a  single  Daniell  cell. 

Induced  Currents. 

403.  Number  of  Lines  of  Magnetic  Force  through  a 
Circuit. — We  have  heretofore  used  the  term  line  of  mxignetic 
force  to  indicate  merely  a  hne  along  which  a  compass  i^ill 
lead  in  a  magnetic  field,  and,  as  the  number  of  possible 
positions  of  the  compass  in  any  given  cross-section  of  the 
field  is  countless,  the  number  of  suQh  lines  of  force  in  any 
magnetic  field,  or  even  aivy  small  portion  of  it,  is  countless. 
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K,  however,  one  undertakes  to  make  a  diagram  of  a  mag- 
netic field,  as  in  Exercises  50  and  53,  drawing  in  a  certain 
number  of  continuous  lines  of  force,  one  will  find  that  these 
lines  lie  closest  together  in  those  parts  of  the  diagram  where 
the  strength  of  the  magnetic  field  is  greatest.  In  fact,  it 
is  very  convenient,  and  thus  very  common,  to  speak  of  a 
magnetic  field  of  unit  strength  (§  311)  as  havmg  one  line  of 
magnetic  force  per  unit  area,  1  sq.  cm.,  of  cross-section — to 
speak  of  a  magnetic  field  of  strength  h  as  having  h  lines  of 
magnetic  force  per  unit  area  of  cross-section,  etc. 

If,  therefore,  a  loop  of  wire,  inclosing  an  area  of  A  sq. 
cm.  is  placed  in  a  magnetic  field  of  strength  /i,  with  its 
plane  at  right  angles  with  the  direction  of  the  magnetic 
force,  it  is  customary  to  say  that  the  number  of  lines  of 
magnetic  force  embraced  by  this  coil  is  AX  A. 

If  the  coil  is  placed  with  its  plane  parallel  to  the  lines  of 
force,  it  embraces  none  of  the  lines. 

If  the  coil  is  so  placed  that  its  plane  is  neither  at  right 
angles  with  nor  parallel  to  the  lines  of  force,  the  niunber  of 
lines  embraced  by  it  is  something  between  0  and  AY^h. 

Faraday  invented  the  quantitative  method  of  treating 
lines  of  magnetic  force,  and  it  is  of  very  great  convenience 
in  summarizing  the  laws  of  induction  of  electric  ciurents 
which  he  discovered. 

404.  Induced  Ctirrents. — Faraday  discovered  in  1831-32 
that  When  the  number  of  lines  of  magnetic  force  embraced 
by  a  closed  conducting  circuit  is  increased  or  diminished^ 
a  current  of  electricity  is  set  up  in  the  circuit,  which  cur- 
rent is  proportional  to  the  rale  at  which  the  change  is  occur- 
ring,  and  lasts  ordy  so  long  as  the  change  is  in  progress,  A 
current  produced  in  this  way  is  called  an  induced  current. 
The  direction  of  the  irtduced  current  depends  upon  the  direc- 
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tion,  increase  or  decrease ,  of  the  change  in  the  number  of  liim 
of  force  embraced. 

K  there  is  already  a  current  flowing  in  the  circuit,  the 
induced  current  is  combined  with  the  other,  causing  some- 
times an  increase  and  sometimes  a  decrease  of  the  total 
current. 

EXPERIMENT. 

(1)  Connect  the  binding-posts  p  and  p'  of  the  apparatus  shown  in 
Ilg.  280  with  the  terminals  of  the  astatic  galvanometer,  llien 
whirl  the  coil  quickly  about  on  its  axis,  first  in  one  direction  and  then 
in  the  other,  noting  the  effect  upon  the  galvanometer. 

Observe  the  direction  of  the  induced  current  in  each  case,  and  com- 
pare it  with  the  direction  of  the  current  which,  if  sent  through  the 
armature  from  a  battery,  would  cause  rotation  of  the  armature  in  the 
same  direction. 

(2)  Try  similar  experiments  with  the  apparatus  of  Rg.  281.  (In 
this  case  it  may,  for  success,  be  necessary  to  magnetize  the  iron  of 
the  "  field  "-magnet  independently,  by  holding  the  pole  of  a  perma- 
nent magnet  near  one  end  of  it,  or  by  sending  a  current  of  electricity 
through  a  considerable  number  of  extra  turns  of  wire,  wound  upcm 
it  but  not  in  circuit  with  the  rest  of  the  windings.  It  will  hardly  be 
practicable,  in  driving  this  apparatus  by  hand,  to  compare  the  direc- 
tion of  the  induced  current  with  that  of  a  current  which  would  drive 
the  armature  in  the  same  direction,  for  the  induced  current  may  not 
be  strong  enough  to  affect  the  field  magnet  perceptibly.) 

405.  Djnaamos;  Relation  between  D3mainos  and 
Motors. — ^We  have  now  seen  a  number  of  machines  which, 
driven  by  the  power  of  an  electric  current,  produce  mechani- 
cal power.  When  used  in  this  way  they  are  caDed  eledric 
motors  (§  399). 

The  experiments  of  the  preceding  Article  illustrate  the 
fact  that  when  such  machines  are  driven  by  mechanical 
power  they  produce  v.  current  of  electricity.  When  used 
in  this  way  they  are  called  dynamos. 

The  terms  fieldy  armature,  commutator,  brushes,  series- 
wound,  shunt-wound^  etc.,  have  the  same  meaning  whei> 
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applied  to  dynamos  as  when  applied  to  motors.  This  factj 
however,  is  to  be  noticed,  that  in  the  shimt-motor  the  cur- 
rent from  the  outside  line  is  divided  between  the  field-mag- 
net coils  and  the  armature,  while  in  the  shimt-dynamos  the 
current  from  the  armature  is  divided  between  the  outside 
line  and  the  windings  of  the  field-magnet. 

406.  Energy  Absorbed  in  Motors  and  Dynamos. — ^When 
we  see  that  a  motor,  driven  by  a  current,  yields  mechanical 
energy,  we  may  be  sure  that  it  absorbs  electrical  energy, 
since,  on  the  whole,  no  machine  can  give  out  more  energy 
than  it  takes  in  (§  244) ;  but  it  is  not  at  first  obvious  how 
the  current  going  through  a  motor  in  operation  is  doing 
therein  any  more  work  than  it  would  do  if  the  motor  were 
at  rest. 

The  first  experiments  of  §  404,  however,  illustrate  the 
fact  that  when  the  armature  of  a  motor  is  driven  by  me- 
chanical  means,  a  current  is  induced  in  it,  opposite  in  direc- 
tion to  the  current  which  would  drive  the  armatm*e  in 
its  present  direction  of  revolution,  the  direction  of  the  iield 
being  imchanged.  So,  when  a  motor  is  driven  in  the 
ordinary  way,  by  a  current,  the  revolution  tends  to  set  up 
in  the  armature  a  current  opposite  in  direction  to  that 
actually  flowing  through  it.  In  other  words,  it  is  harder 
to  maintain  the  given  current  in  the  revolving  armature 
than  it  would  be  to  maintain  it  in  the  same  armature  at 
rest.  This  opposition  is  analogous  in  effect  to  polarization 
in  a  battery. 

This  opposing  force  is  called  counter-electromotive  force, 
and  it  is  in  overcoming  this  curious  opposition  that  electri- 
cal energy  is  turned  into  mechanical  energy.  All  the  rest 
of  the  electrical  energy  spent  in  the  motor  goes  to  heai  its 
windings  and  its  cores,  and  is  worse  than  wasted. 

In  the  best  motors  the  counter-e.m.f .  is  nearly  as  p 
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as  the  e.m.f .  applied  to  the  armature  from  without,  so  that 
the  current  which  passes  through  the  latter  is  only  a  small 
part  of  what  would  pass  through  if  the  armature  were  at 
rest.  Indeed,  most  large  motors  are  used  in  such  a  way 
that  if  the  armature  could  be  suddenly  stopped,  without 
reduction  of  the  e.mi .  applied  from  the  external  line,  the 
windings  of  the  armature,  if  not  especially  protected,  would 
be  ruined  almost  instantly  by  the  too  powerful  current 
which  would  flow  through  them.  This  damage  is  guarded 
against  by  making  the  armature  current  pass  through  a 
short  piece  of  easily  melted  wire  called  a  fv^e,  which  melts 
before  the  armature  suffers  harm. 

The  law  that  every  induced  current  of  electricity  is  in 
such  a  direction  as  to  oppose  the  change  which  produces  it 
is  called,  from  its  discoverer,  the  law  of  Lenz,  It  follows 
from  the  law  of  conservation  of  energy  (§  244) ;  for  if  a  cer- 
tain change,  motion  of  an  armature,  for  instance,  caused  a 
current  tending  to  maintain  that  motion,  we  should  have 
perpetual  motion,  that  is,  a  continual  supply  of  energy  with- 
out corresponding  expenditure  of  energy. 

In  the  case  of  the  dynamo,  it  is  not  at  first  obvious  that 
the  mechanical  power  which  drives  it  is  doing  anythhig 
more  than  to  overcome  the  resistance  of  mechanical  friction. 
But,  in  fact,  the  mechanical  power  has  to  supply  the  energy 
of  the  electrical  current  as  well.  The  following  experiment 
will  illustrate  this  fact. 

EXPERIMENT. 

Disconnect  the  field-magnet  coils  from  those  of  the  armature  in  a 
small  industrial  motor  or  dynamo,  and  send  a  strong  independent 
current  through  the  coils  of  the  field-magnet. 

Leaving  the  brushes  unconnected  by  any  conductor  outside  the 
armature,  set  the  armature  into  very  rapid  motion  by  means  of  a  cord 
wound  around  the  axle,  or  otherwise ;  and  then,  leaving  it  to  itself, 
see  how  many  seconds  it  takes  to  come  to  rest.     In  this  case  the 
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armature  is  like  a  galvanic  cell  in  open  circuit.     It  is  sending  out  no 
current,  doing  no  external  work  and  ver>'  little  int-emal. 

Connect  the  brushes  by  means  of  a  short  wire,  and  again,  after 
setting  the  armature  in  motion  as  before,  see  how  long  it  takes  to 
come  to  rest.  In  this  case  there  is  a  considerable  current  both  inside 
and  outside  the  dynamo,  and  consequent  expenditure  of  energy. 

A  motor  absorbs  electrical  energy  and  gives  out  a  partial 
ejuivalent  in  mechanical  work;  not  a  full  equivalent,  for 
some  energy  is  toasted  in  heating  the  apparatus, 

A  dynamo  absorbs  mechanical  energy  and  gives  out  a 
partial  equivalent  in  electrical  work;  not  a  full  equivalent, 
for  herCj  too,  some  energy  is  wasted  in  heating  the  apparatus. 

Electricity  has  worked  many  wonders  within  the  last 
century,  but  it  has  not  created  one  foot-pound  of  energy. 
It  is  a  carrier,  not  a  producer. 

EXERCISE  6i. 
THE  DYNAMO. 

Put  together  the  parts  of  a  dynamo  which,  driven  by  the  motor  of 
Exercise  60,  will  give  a  current  capable  of  affecting,  at  least,  the 
astatic  galvanometer. 

407.  Electric  Lamps. — These  are  of  two  classoa,  incan- 
descent lamps,  so  called,  and  arc-lamps.  Thoy  are  nearly 
always  maintained  by  currents  from  dynamos. 

The  incandescent  lamp  consists  of  a  thread,  or  fibre,  of 
carbon,*  heated  white-hot  by  the  passage  of  an  electric 
current,  and  kept  in  a  vacuum  to  prevent  its  burning  out, 
which  would  occur  instantly  if  it  were  exposed  to  the  air. 

On  account  of  its  thinness,  and  the  high  electrical  ninist- 
ance  of  carbon,  the  fibre  is  made  incandescent  by  a  rather 
weak  current,  weaker  than  the  current  sometimes  used  in 
the  Exercises  of  this  book.  It  is  an  interesting  fact  that 
the  resistance  of  carbon  diminishes  with  rise  of  temperature. 

♦The  '*Nemst  lamp"  uses  a  small  rod  of  ])orcelain,  which  con* 
ducts  when  very  hot,  and  does  not  have  a  vacuum. 
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The  fibres  are  made  by  charring  slender  strips  of  vegetable 
matter,  bamboo,  for  example,  apart  from  the  air. 

The  arc-lamp  consists  of  two  sticks  of  carbon,  usuaDy 
held  and  controlled  by  some  machinery,  separated  by  a 
short  air-space,  across  which  a  current  of  electricity  flows 
with  a  brilliant  light.  This  light  in  the  "arc"  is  due  to 
the  intense  heating  of  the  air  and  particles  of  carbon  by  the 
passage  of  the  current. 

The  resistance  of  the  heated  air-gap,  partially  filled  with 
flying  particles  of  carbon,  is  only  a  few  ohms,  about  5,  so 
that  a  moderate  difference  of  potential,  about  50  volts, 
between  the  ends  of  the  arc,  suffices  to  maintain  it,  the 
current  being  some  10  amperes.  If  the  air  were  cold  and 
there  were  no  carbon-dust  in  it,  many  thousands  of  volts 
would  be  required  to  send  a  spark  across  it.  Accordingly, 
when  an  arc-lamp  is  to  be  lighted,  the  carbons  are  made  to 
touch  each  other  for  a  moment,  until  the  current,  passing 
through  the  point  of  contact,  heats  it  to  incandescence. 
Then  the  carbons  are  separated  and  the  arc  is  established. 
The  touching  and  separation  of  the  carbons  is  usually 
accomplished  automatically  by  the  machinery  of  the  lamp. 

408.  The  Induction-coil :  Description. — ^A  so-called  in- 
dudion-coilj  or  Ruhmkorff  coil,  is  a  contrivance  for  pro- 
ducing transient  but  rapidly  repeated  induced  currents  of 
electricity. 

The  general  plan  of  the  apparatus  is  shown  in  Fig.  284. 
The  part  i  is  a  core  of  straight  soft-iron  wires,  around  which 
is  a  coil,  PjPi,  called  the  primary  coil,  of  comparatively 
coarse  wire;  outside  the  primary,  and  insulated  from  it,  is 
a  secondary  coil,  PJP2J  consisting  of  many  turns  of  very 
fine  carefully  covered  wire,  of  which  coil  t  and  t  are  the 
terminals. 

The  main  current  enters  the  primary  by  a  and  after 
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traversing  the  windings  comes  out  at  the  farther  end,  where 
it  passes  by  the  stop  p  through  the  spring,  or  vibrator,  F, 
at  the  top  of  which  is  a  piece  of  soft  iron,  back  to  the  wire 
b  by  which  it  leaves  the  apparatus. 

This  current  magnetizes  the  core  i,  which  attracts  away 
fron^  p  the  soft  iron  at  the  end  of  V  and  so  breaks  the  cir- 
cuit. This  interruption  of  the  current  causes  the  core  to 
lose  its  magnetism,  and  this  change  induces  a  strong  though 
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Fig.  284. 

momentary  electromotive  force  in  the  secondary,  sending 
a  spark  across  a  considerable  air-space  between  t  and  t. 
The  core  having  lost  its  magnetism,  V  swings  back  to  its 
normal  position,  thus  closing  the  circuit,  and  the  whole 
operation  is  repeated  with  a  rapidity  which  depends  greatly 
upon  the  character  of  the  vibrator. 

At  the  point  of  rupture,  between  V  and  p,  a  spark  occurs, 
and  this  spark,  by  making  a  heated  conducting  arc  (see 
§  407)  across  the  air,  may  cause  the  primary  current  to 
die  out  so  slowly  that  no  strong  induction  effects  are  pro- 
duced. This  difficulty  is  removerl,  to  a  certain  extent,  by 
connecting  V  and  p  with  the  opposite  sides  of  a  condenser 
(§  362),  C,  which  is  usually  placed  in  a  woorlen  case  beneath 
the  coil.  When  the  break  occurs,  there  is  a  flow  of  elec- 
tricity for  an  instant  into  the  cond^*^"^  which  lessens  the 
flow  acnxM  the  air  from  p  to  7,  tl  the  rathf^T 
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complex  operation  being  a  more  sudden  demagnetization  o! 
the  core  and  a  more  powerful  effect  in  the  secondary. 

409.  Uses  of  the  Induction-coil. — Evidently  the  termi- 
nals of  the  secondary  may  be  made  of  such  length  that  the 
spark  between  them  will  occur  a  long  distance  away  from 
the  main  apparatus.  This  fact  makes  it  possible  to  use  lie 
induction-coil  for  lighting  gas-jets  in  places  not  easily 
accessible,  and  for  exploding  charges  of  powder,  etc.,  in 
mines. 

The  coil  is  used  to  some  extent  in  the  practice  of  medi- 
cine. Any  one  who  connects. the  terminals  of  a  small 
induction-coil,  in  operation,  with  his  bare  hands  will  experi- 
ence a  very  peculiar  and  powerful  stimulus  of  the  nerves 
in  his  hands  and  arms.  Such  a  stimulus  is  considered 
beneficial  in  certain  forms  of  nervous  debility.  The  experi- 
ment of  connecting  the  terminals  by  means  of  the  hands 
should  not  be  tried  with  a  powerful  coil. 

A  very  conspicuous  use  of  the  induction-coil  at  present 
is  to  send  momentary  currents  of  electricity  through  so- 
called  vacuum-tubes  (§411). 

410.  Transformers,  Alternating  and  Direct  Currents.— 

The  induction-coil  as  described  in  §  408  gives  a  secondary, 
or  induced^  electromotive  force  very  much  greater  than 
that  which  is  used  in  the  primary  circuit.  But  if,  instead 
of  being  made  ^vith  a  small  number  of  windings  in  the 
primary  coil  and  a  large  number  in  the  secondary  coil,  it 
has  a  large  number  of  windings  in  the  primary  coil  and  a 
small  number  in  the  secondary  coil,  the  secondary,  or  m- 
duced,  electromotive  force  will  be  much  less  than  the 
primary  electromotive  force.  An  induction-coil  of  the 
^^rmer  kind  is  sometimes  called  8i  step-up  transformer,. 
TvflU-C  one  of  the  latter  kind  is  called  a  step-down  transformer 

\ 
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These  terms  have  come  into  use  with  the  application  of 
so-called  aUemaiing  currents  of  electricity  to  biiBinc  hh  pur- 
poseSy  the  furnishing  of  light  and  power.  An  alU^rnatinfi; 
current  is  one  which  reverses  direction  frequently,  UHually 
many  times  a  second.  Such  currents  are  obtaiiu^d  fn)in 
d3mamos  which  do  not  differ  in  principle  from  thoHo  already 
mentioned  (§  405).  Indeed,  any  dynamo  which  fur- 
nishes a  so-called  diredj  that  is,  not  alternating,  current 
could  be  made  to  furnish  an  alternating  current  l)y  a 
change  in  the  commutator  which  connects  it  with  tlu*  (ex- 
terior part  of  the  circuit. 

The  main  wires,  or  "mains,"  which  carry  currentH,  dlroct 
or  alternating,  from  a  distant  power-houw*  or  (central  Hta- 
tion  to  the  various  places  where  work  in  to  Im^  (Umo  nr 
light  is  to  be  furnished  by  these  currentn,  an*  UHually  in  a 
state  of  potential  (§361),  or  'Woltage,*'  which  would  umko. 
them  very  dangerous  in  buildings.  Wh(»n  tin;  alternating 
current  is  used,  a  step-down  transformer,  atiacthed  to  i\w. 
outside  of  a  building,  furnishes  a  c()nv(»ni(?nt  and  ('cnnonii- 
cal  way  of  reducing  the  high  external  "  voltage?"  to  tin?  (!oni- 
paratively  low  value,  usually  not  mon?  than  110  voIIh, 
considered  allowable  for  use  in  ordinary  l)uildingH.  When 
direct  ciurents  are  used,  the  st(»p-down  op(;ration  is  offcKiUMl 
by  means  of  a  *^ motor-generator/*  a  machine  in  whi<?h  the 
high  potential  current  drives  a  motor,  this  motor  drivers  a 
dynamo,  and  this  dynamo  produces  a  low  poUjntiul  curn^nt. 

The  fact  that  a  transformer  usually  costs  Icjhh  and  wast^'H 
less  power  than  a  motor  generator  makes  the  use  of  alU^r- 
nating  currents  advisable  for  certain  purposc^s,  though  in 
some  respects  they  are  less  convenient  than  direct  currents. 

411.  Vacuum-tubes.— The  electrical  resistance  of  gases 
at  ordinary  temperatures  and  at  atmospheric  pressure  is 
very  great,  but  electricity  passes  with  comparative  readiness 
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through  gases  in  a  certain  state  of  rarefaction.  If  the 
rarefaction  is  carried  beyond  a  certain  point,  which  is  differ- 
ent for  different  gases,  the  resistance  begins  to  increase,  and 
finally  it  becomes  much  greater  than  that  of  the  gas  under 
atmospheric  pressure.  This  fact  leads  us  to  the  belief  that 
the  "ether"  (§  312)  of  an  absolute  vacuum  is  a  non-con- 
ductor of  electricity,  in  the  usual  sense  of  the  word  con- 
ductor; although  it  may  be  that  electricity  can  be  forced 
through  it  by  means  sufficiently  violent. 

A  vacuum4vbe  (see  Fig.  285)  is  usually  a  glass  tube  con- 
taining some  highly  rarefied  gas,  penetrated  by  two  or  more 
platinum  wires,  called  electrodes,  which  are  sealed  into  the 


Fig.  285. 

wall  of  the  tube.  When  the  secondary  terminals  of  an 
induction-coil  in  operation  are  connected  with  the  electrodes 
of  such  a  tube,  transient  currents  of  electricity  pass  through 
the  gaseous  space,  producing  curious  and  often  very  beauti- 
ful effects. 

Vacuum-tubes  in  which  the  glass  itself  has  very  compli- 
cated forms,  and  which  are  used  largely  to  produce  beautiful 
color  effects,  are  called  Geissler  tubes,  after  a  celebrated 
maker  of  such  apparatus.  Tubes  using  still  higher  vacua, 
provided  with  electrodes  terminating  in  disks  or  portions  of 
spheres,  and  often  with  much  other  internal  furniture  of 
metal,  mica,  etc.,  are  commonly  called  Crookes  tubes, 
after  an  English  investigator,  whose  experiments  made 
such  tubes  widely  known.  * 

412.  Cathode  Rays. — It  was  noticed  long  ago  that  the 
cathode  of  a  vacuum-tube,  the  electrode  by  which  the  cur- 
rent leaves  the  tube,  shows  phenomena  of  peculiar  interest. 
In  highly  rarefied  tubes,  like  those  of  Crookes,  some  kind 
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of  influence  appears  to  proceed  in  straight  lines  from  the 

cathode;  for  certain  effects 

are  observed  at  spots  within 

the  unobstructed    reach  of 

such  lines  and  not  at  all  or 

very  little  elsewhere.     Thus 

Pig.    286  shows  a  shadow 

cast  by  a  screen,  S,  placed 
in  the  course  of  rays  from 
the  cathode,  C,  within  a 
Crookes  tube. 

Crookes  believed,  and  the  opinion  has  now  become 
general,  that  there  is  an  actual  projection  of  some  material 
from  the  cathode  to  the  points  affected.  It  is  believed 
that  the  particles  of  matter  thus  projected  are  smaller 
than  ordinary  atoms  (see  foot-note  §  372). 

About  the  year  1892  Hertz  (§  414)  and  Lenard  found 
tixat  cathode  rays  could  penetrate,  or  at  least  produce  an 
et'ect  through,  opaque  matter,  such  as  thin  films  of  metal. 

413.  Roentgen  Rays. — In  the  latter  part  of  1895 
Professor  Roentgen  of  Wiirzburg  discovered  that  from  a 
vacuum-tube  in  which  the  cathode  rays  are  active  some 
influence  goes  out  in  straight  lines  which  can  penetrate 
through  many  opaque  bodies — wood  and  flesh,  for  example 
— and  produce  photographic  effects  beyond. 

It  appears  that  the  Roentgen  rays  are  not  the  same  as 
cathode  rays,  but  are  produced  at,  and  given  out  from,  any 
solid  body,  such  as  glass  or  metal,  upon  which  the  cathode 
rays  strike. 

Roentgen  rays  falling  directly  upon  the  eye  do  not  give 
the  sensation  of  light.  But  they  can  produce  photographic 
effects  upon  ordinary  photographic  plates,  and  fluorescent  * 

*  Certain  bodies  receiving  radiations  give  out,  without  being  hot 
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effects  upon  layers  of  various  substances,  and  in  this  indi- 
rect way  they  serve  the  eye. 

The  fact  that  gives  to  the  Roentgen  rays  a  peculiar  and 
even  a  weird  interest  is  this,  that  they  penetrate  flesh  much 
more  readily  than  bone,  and  as  they  go  always  in  straight, 
or  nearly  straight,  lines,  they  produce  by  photography  or 
fluorescence  well-defined  shadows  of  the  skeletons  of  Uving 
bodies. 

There  has  been  much  discussion  as  to  whether  the 
Roentgen  rays  are  of  the  same  nature  as  light-waves.  The 
fact  that  they  are  reflected  and  refracted  very. little,  if  at 
all,  made  people  cast  about  for  some  theory  to  explain  them 
as  something  different  from  ether-vibrations,  but  it  now 
seems  probable  that  they  are  really  very  short  waves — of 
the  same  nature  as  light-waves,  but  much  shorter.  The 
uncertainty  as  to  their  nature  caused  Roentgen  to  call  them 

X-rays y  and  by  this  name  they  have  become 
widely  known. 

Roentgen  fays  have  been  produced  with 
very  great  success  from  a  Crookes  tube  agi- 
tated by  the  discharge  from  a  powerful  Holtz 
electrical  machine  ( §  366) ,  a  piece  of  apparatus 
which  may  be  available  where  dynamo  cur- 
rents and  induction-coils  of  sufficient  power 
are  not  to  be  had. 

A  common  form  of  Crookes  tube  for  the 
production  of  Roentgen  rays  is  shown  in  Fig. 
287,  where  c  is  the  cathode  and  P  is  a  plate 
of  platinum,  which,  receiving  the  cathode 
rays,  gives  out  the  Roentgen  rays.  P  is 
also  the  anode. 
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radiations  of  a  different  wave-length  from  any  of  those  falling  upon 
them.  This  effect  is  called  fluorescence,  fluor-spar  being  a  substance 
that  shows  it. 
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The  Electromagnetic  Theory  of  Light. 

414.  The  Experiments  of  Hertz. — ^The  wave  -theory  of 
Kght,  and  so  the  existence  of  the  luminiferous  ether,  was 
proved  early  in  the  nineteenth  century  by  Young  and 
Fresnel. 

The  experiments  of  Faraday  led  him  to  believe  electrical 
and  magnetic  forces,  "lines  of  force,"  to  be  transmitted  by 
some  medium,  probably  the  luminiferous  ether.  He  ex- 
pressed this  opinion  in  1851. 

Maxwell,  a  close  student  of  Faraday's  works,  developed 
Faraday's  idea  mathematically,  and  arrived  at  certain 
definite  conclusions  which  could  be  tested  by  experiment. 
Some  of  them  were  soon  tested,  and  the  results  did  much 
to  confirm  the  theory;  but  a  real  demonstration,  capable 
of  making  an  impression  on  the  public,  was  not  accom- 
plished until  1887,  when  Hertz,  a  young  German,  showed 
that  electromagnetic  waves  are  sent  out  from  the  secondary 
of  an  induction-coil  and  travel  for  considerable  distances 
through  the  surrounding  space. 

The  instrument  used  by  Hertz  to  detect  his  waves  at  a 
distance  from  their  source  he  called  an  electrical  resonator. 
It  was  a  frame  of  wire  of  such  dimensions  and  shape  that 
electrical  oscillations  within  it  had  the  same  time  of  vibra- 
tion as  the  waves  the  instrument  was  intended  to  detect. 
The  analogy  between  the  use  of  this  instrument  and  that  of 
the  acoustic  resonators  of  Helmholtz  (§  336)  is  obvious. 

The  waves  discovered  by  Hertz  were  some  meters  long, 
^vhereas  the  waves  which  affect  our  eyes  as  light  are  only  a 
few  hundred-thousandths  of  a  centimeter  long.  His  waves 
were  of  electrical  origin,  and  were  traced  through  space  by 
their  electrical  effects.  They  were  beyond  question  electro- 
magnetic waves,  yet  they  were  reflected  like  light-waves, 
they  were  refracted  like  Ught-waves,  and  they  traveled  with 
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about  the  same  velocity  as  light-waves.  There  could  be  no 
doubt  that  the  two  kinds  of  waves  are  essentially  the  same. 
Thus  was  completed  one  of  the  greatest  intellectual 
triumphs  of  the  nineteenth  century,  the  proof  of  the 
electromagnetic  nature  of  light. 

415.  Wireless  Telegraphy. — ^The  step  from  the  experi- 
ments of  Hertz  to  the  sending  of  messages  thousands  of 
miles  by  "wireless  telegraphy"  is  a  very  simple  one  in 
theory,  though  in  practice  it  has  proved  somewhat  difficult. 
It  has  been  accomplished  by  a  yoimg  Italian,  Marconi,  by 
making  the  original  electrical  oscillations  exceedingly 
powerful  and  by  using  a  much  more  sensitive  receiver 
than  Hertz  employed.  It  has  been  found,  too,  that  ver- 
tical oscillations  are  better  for  this  purpose  than  horizontal 
oscillations. 

The  peculiarly  sensitive  part  of  the  receiving  apparatus 
is  the  so-called  coherer.  This,  in  perhaps  its  simplest  form, 
is  a  glass  or  other  non-metallic  tube  a  few  millimeters  in 
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Fig.  289. 


diameter  containing  two  metal  plugs  between  which  is  a 
short  space  loosely  filled  with  metal  filings.  In  Fig.  288, 
which  represents  in  a  way  the  essentials  of  the  receiving 
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apparatus,  c  is  the  coherer,  L  is  a  long  wire  leading  from 
one  end  of  c  to  a  metal  plate  high  in  the  air,  U  is  a  wire 
leading  from  the  other  end  of  C  to  the  earth,  £,  £  is  a 
galvanic  battery  the  poles  of  which  are  connected  with  the 
terminals  of  c,  and  /  is  some  instrument,  a  galvanometer  or 
electric  bell  or  sounder,  for  example,  which  will  give  evi- 
dence when  any  considerable  current  passes  from  B  through 
C  The  resistance  of  C  is  ordinarily  so  great  that  /  is  not 
sensibly  affected,  but  an  exceedingly  slight  electrical  oscil- 
lation up  and  down  L  and  L\  such  ism  oscillation  as  may  be 
received  from  a  very  distant  sending  apparatus.  Fig.  289, 
puts  the  pinch  of  metal  filings  in  C  into  such  a  condition 
that  a  considerable  current  from  B  passes  through  the 
coherer  and  of  course  through  /,  which  indicates  to  the  eye 
or  the  ear  that  a  distiu-bance,  a  fragment  of  a  message, 
has  reached  the  apparatus. 

After  C  has.  been  made  conductive  by  the  electrical 
distiu-bance  it  continues  conductive  imtil  it  is  jarred. 
This  fact  seems  to  indicate  that  the  electrical  oscillations 
received  by  the  apparatus  have  made  the  metal  filings 
cohere,  have  possibly  welded  them  together  at  exceedingly 
minute  points.  Hence  the  name  coherer.  In  order  to 
show  the  effect  of  any  new  oscillation  the  coherer  must  be 
thrown  back  into  its  original  non-conductive  state.  This 
is  done  by  some  "decohering'!  device  which  continually 
taps  or  agitates  the  coherer. 

In  Fig.  289  B  represents  a  d3niamo  or  battery,  K  a 
key  for  closing  the  circuit  of  the  primary  of  an  induction- 
coil  (see  Fig.  284),  SS  the  terminals  of  the  secondar}'- 
coil,  G  a  spark-gap,  L  a  wire  leading  to  a  metal  plate  high 
in  the  air  U  a  wire  leading  to  E,  the  earth. 

The  general  action  of  the  coherer  can  be  shown  in  the 
laboratory  without  the  use  of  the  wires  L  and  U  of  either 
Fig.  288  or  289.    A  small  "induction  machine"  (§  366), 
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with  the  poles  one  or  two  centimeters  apart,  can  be  used 
as  a  sending  apparatus,  and  an  astatic  galvanometer 
as  an  indicator  at  the  receiving  end. 

When  the  second  edition  of  this  book  appeared,  in  1897, 
wireless  telegraphy,  though  not  unknown,  seemed  hardly 
worth  mentioning  in  a  book  for  school  use.  What  new 
page  will  it  be  necessary  to  add  to  such  a  book  after  the 
next  few  years? 

QUESnONS  Ain>  PROBLEMS. 

(1)  A  magnetic  pole  of  20  units  strength  is  placed  at  a  distance 
of  10  cm.  from  a  similar  pole  of  50  imits  strength.  Find  the  force 
between  them. 

(2)  A  magnetic  pole  of  4  units  strength  is  placed  in  a  field  of  0.5 
unit  strength.  What  will  be  the  force  exerted  upon  the  magnetic 
pole? 

(3)  What  length  of  wire  0.3  mm.  in  diameter  will  have  the  same 
resistance  as  15  m.  of  the  same  kind  of  wire  2  mm.  in  diameter? 

(4)  A  wire  3  ft.  long  has  a  diameter  of  0.64  cm.  What  must  be 
the  diameter  of  a  wire  of  the  same  nature  25  ft.  long,  if  it  oflfers  the 
same  resistance? 

(5)  If  the  resistance  of  a  German-silver  wire  1  m.  long  and  1  nun. 
in  diameter  is  0.27  ohm,  what  length  of  German-silver  Tsire  0.35 
mm.  in  diameter  will  it  take  to  make  a  resistance-coil  of  5  ohms? 

(G)  If  a  foot  of  iron  wire  0.05  in.  in  diameter  has  a  resistance  of 
0.24  ohm,  what  is  the  resistance  of  10  miles  of  iron  telegraph-wire 
having  a  diameter  of  0.25  in.? 

(7)  A  wire  1  meter  long  and  0.5  mm.  in  diameter  has  a  resistance 
of  8  ohms.     Calculate  the  specific  resistance. 

(8)  Two  points  in  a  circuit  are  joined  in  multiple  arc  by  two  wires 
whose  resistances  are  50  and  80  ohms  respectively.  Find  the 
resistance  of  the  circuit  between  these  two  points. 

(9)  Three  wires  whose  resistances  are  50,  60,  and  20  ohms  re- 
spectively are  joined  in  multiple  arc.     Find  their  joint  resistance. 

(10)  The  resistance  of  a  wire  between  two  points  is  40  ohms, 
but  on  adding  another  wire  in  multiple  the  joint  resistance  falls  to 
35  ohms.     What  is  the  resistance  of  the  second  wire? 

(11)  The  resistance  between  two  points  is  found  to  be  100  ohms, 
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This  must  be  reduced  to  one-half  this  amount.     How  many  wires, 
each  having  a  resistance  of  1000  ohms,  must  be  added  in  multiple? 

(12)  A  battery  which  is  producing  a  current  of  1  ampere  delivers 
this  current  through  two  wires,  side  by  side,  having  a  resistance 
of  30  and  50  ohms  respectively.  What  is  the  strength  of  the  cur- 
rent in  each  wire? 

(13)  How  strong  a  current  in  a  Daniell  cell  will  be  required  to 
cause  the  copper  plate  to  gain  0.5  gm.  per  hour? 

(14)  A  battery  of  30  cells  is  connected  in  series  with  an  external 
resistance  of  200  ohms.  If  the  e.  m.  f.  of  each  cell  is  1.8  volts,  and 
its  internal  resistance  7.5  ohms,  what  is  the  current-strength? 

(15)  If  the  cells  in  the  previous  example  had  been  arranged  3 
abreast  and  10  in  series,  what  would  have  been  the  current-strength? 

(16)  How  many  cells  in  series,  each  having  an  e.  m.  f.  of  2  volts 
and  an  internal  resistance  of  1.5  ohms,  will  produce  1  ampere  cur- 
rent through  an  external  resistance  of  7.5  ohms? 

(17)  A  battery  of  20  cells,  each  having  an  e.  m.  f,  of  1.5  volts 
and  an  internal  resistance  of  5  ohms,  sends  the  strongest  pK)ssible 
current  through  an  external  resistance  of  3000  ohms.  Find  the 
strength  of  the  current. 

(18)  A  battery  of  6  cells,  each  having  an  e.  m.  f.  of  1.8  volts 
and  an  internal  resistance  of  5  ohms,  is  arranged  in  series  and  de- 
livers its  current  through  3  wires,  in  multiple,  of  100,  80,  and  60 
ohms,  respectively.  How  much  is  the  current  in  each  of  these 
wires? 

(19)  What  arrangement  will  cause  a  battery  of  10  cells,  each  hav- 
ing an  e.  m.  f .  of  1  volt  and  an  internal  resistance  of  5  ohms,  to  send 
ihe  greatest  possible  current  through  a  resistance  of  2  ohms? 

(20)  There  are  24  cells,  each  having  an  e.  m.  f.  of  1.5  volts  and  an 
internal  resistance  of  6  ohms.  How  should  these  cells  be  arranged 
to  give  the  strongest  possible  current  through  an  external  resist- 
ance  of  15  ohms? 

(21)  The  e.  m.  f.  of  a  Bunsen  cell  is  1.85  volts  and  its  internal 
resistance  1.5  ohms.  How  many  of  these  cells,  arranged  in  the 
best  manner  possible,  will  be  needed  to  send  a  current  of  not  less 
than  0.5  ampere  through  an  external  resistance  of  20  ohms? 

(22)  Two  lamps  arranged  in  multiple  arc,  each  having  a  hot 
resistance  of  30  ohms,  are  connected  with  a  dynamo  whose  e.  m.  f. 
is  50  volts  and  internal  resistance  3  ohms.  What  is  the  strength 
of  the  current  going  through  each  lamp? 
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(23)  Fifty  incandescent  lamps  arranged  in  multiple  arc,  each 
of  which  has  a  resistance  of  40  ohms  and  requires  a  current  of 
1  ampere,  are  lighted  by  a  dynamo  which  has  an  internal  resistance 
of  0.5  ohm.     What  is  the  e.  m.  f.  of  the  dynamo? 

(24)  How  many  lamps  arranged  in  multiple  arc  can  be  lighted 
by  a  dynamo  whose  e.  m.  f.  is  110  volts  and  resistance  2  ohms,  if 
each  lamp  offers  a  resistance  of  24  •ohms  and  requires  a  current  of 
1  ampere? 

(The  arrangement  suggested  in  (24)  would  be  a  wasteful  one,  as 
the  resistance  of  the  d3niamo  would  be  greater  than  that  of  its 
external  circuit,  so  that  more  energy  would  be  used  in  the  dynamo 
than  in  all  the  lamps.) 

(26)  How  many  lamps,  each  requiring  50  volts  and  a  0.6-ampere 
current,  could  be  lighted  by  a  machine  capable  of  doing  1  horse- 
power of  external  work? 

(26)  It  is  desired  to  use  a  70-volt  dynamo  to  light  a  50-volt 
10-ampere  arc  light.  What  additional  resistance  ought  to  be  put 
into  the  circuit? 

(27)  If  a  lamp  requires  8  watts  to  run  it,  how  many  lamps  could 
be  run  with  5  horse-power? 

(28)  A  lamp  has,  when  hot,  a  resistance  of  16  ohms  and  requires  a 
current  of  2  amperes.     What  horse-power  must  be  used  to  run  it? 

(29)  How  many  watts  are  used  in  lighting  a  16-candle-power 
lamp  requiring  an  e.  m.  f.  of  100  volts  and  a  current  of  0.5  ampere? 
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LIST  OF  ARTICLES  REFERRED  TO  BY  XI'MBER  IX  THE 

"  EXERCISES "  OF  THIS  BOOK 

Most  of  the  articles  in  this  list  should  be  furnished  to  everv 
student  who  is  to  perform  all  of  the  Exercises.  (See  HinU  Alwui 
Omitting  in  the  Introduction.) 

No.  54  will  serve  for  6  members  of  the  class, 
^ios.  61-63  win  each  serve  for  3  members  of  the  classL 
Nos.  69-73    "      "        "      "  2         "         '*    '*      " 
No.  74  "  "      "  4        "         "    "      " 

Nos.  76-78    "      "        "      •'  3        "         "    "      " 
No.  79  "  "      "  4        "         "    "      " 

Nos.  86a^88b,  93-96,  and  103a-109  will  each  serve  for  2  mem- 
here  of  the  class. 

No.  68  will  serve  for  the  school. 

Nos.  1-34  and  Nos.  64-75  are  used  in  the  Exercises  of  the  first 
fourteen  chapters  of  the  book. 

Articles  marked  thus,  *,  are  not  required  for  class  use,  if  those 
Exercises  are  omitted  which  are  indicated  for  omission  in  the  Intro- 
duction, 

Ho.  I.  A  10-cm.  section  of  a  meter-rod. 

Ho.  2.  A  meter-rod,  marked  on  one  side  in  feet  and  inches. 

Ho.  3.  A  30-cm.  bevel-edged  measuring-stick,  marked  on  one 
side  in  inches. 

*  Ho.  4.  A  waterproofed  wooden  cylinder  about  8  cm.  long  and 
4.5  cm.  in  diameter,  loaded  internally  with  shot  so  that  it  will  float 
nearly  submerged  in  water. 

No.  5.  A  brass  can  about  14  cm.  tall  and  7  cm.  in  diameter, 
having  a  slightly  declining,  straight,  overflow-tube,  about  6  cm. 
long  and  0.8  cm.  in  internal  diameter,  extending  from  a  point 
about  1.5  cm.,  clear,  below  the  top  of  the  can  (see  Fig.  G).     To 
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prevent  dribbling  the  junction  of  tube  and  can  should  be  covered, 
internally,  with  a  coat  of  paraffin  melted  on. 

No.  6.  A  brass  catch-bucket  with  a  wire  handle,  capable  of  hold- 
ing about  175  gm.  of  water,  and  weighing  not  more  than  50  gm. 

No.  7.  A  spring-balance  of  about  240  gm.  capacity,  graduated 
on  one  side  in  10-gm.  divisions  and  on  the  other  side  in  0.25-oz. 
dix'isions,  with  a  double,  pointed ^  index. 

No.  7a.  A  strip  of  thin  sheet  metal  shown  half  size  in  Fig.  290, 
bent,  along  the  dotted  line  dd  and  elsewhere,  so  as  to  clasp  the 
spring-balance  case,  as  in  Fig.  291.  See  Exercise  15  (12  in  old 
list). 
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No.  8.  A  rectangular  waterproofed  block  of  wood,  about  7  cm. 
long  and  4.5  cm.  square  on  the  end,  so  loaded  internally  with  shot 
that  it  will  sink  in  water,  but  not  enough  to  make  it  weigh  more 
than  225  gm. 

No.  9.  A  rectangular  waterproofed  cherry  block  about  7.5  cm.X 
7.5  em.  X  3.8  cm.  The  waterproofing  should  be  done  by  soaking 
it  in  very  hot  paraffin.  Excess  of  paraffin  should  be  scraped  off 
before  the  ])lock  is  used. 

No.  10.  A  one-gallon  glass  jar  of  good  quality.  (It  is  not  econ- 
omy to  buy  a  poor  jar  and  have  it  break  with  a  liquid  in  it.) 

No.  II.  A  lump  of  roll  sulphur  weighing  about  175  or  200  gm. 
It  is  not  worth  while  to  cast  these  lumps  into  regular  cylindrical 
form. 

No.  12.  A  lead  sinker  with  wire  handle,  weighing  about  175  gm. 

No.  13.  A  waterproofed  wooden  cylinder  about  1  cm.  in  diam- 
eter and  20  cm.  long.  Doweling-rod,  furnished  by  hardware  dealer3, 
serves  well  when  waterproofed. 

No.  14.  A  holder  for  keeping  No.  13  upright  in  water.  It  con- 
sists of  a  waterproofed  wooden  rod  about  12  cm.  long  and  1.3  cm. 
square  on  the  end,  provided  with  a  clasp  for  attaching  it  to  the  side 
of  a  jar,  and  with  two  screw-eyes  projecting  from  one  side,  the 
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rings  of  which  are  large  enough  to  let  the  cylinder  No.  13  slip  easily 
thiough  them,  but  not  large  enough  to  allow  the  cylinder  to  tip 
far  from  the  vertical  position  (see  Fig.  10). 

Ho.  15.  A  cylindrical  glass  jar,  about  14  cm.  tall  and  10  cm.  in 
diameter,  with  level  top. 

Ho.  16.  A  broad-mouthed  bottle  with  ground-glass  stopper, 
standing  not  much  more  than  11  cm.  tall  with  stopper,  and  weigh- 
ing, when  filled  with  water,  about  175  or  200  gm. 

No.  17.  A  lever  and  supporting-bar.  The  lever  is  a  30-cm. 
section  from  a  meter-rod,  pivoted  upon  the  smoothed  cylindrical 
body  of  a  brass  screw  which  is  driven  horizontally  into  the  end 
of  a  bar  of  hard  wood  about  25  cm.  long,  5  cm.  wide,  and  3  cm. 
thick.  A  brass  plate  projecting  from  this  bar  and  overhanging 
the  middle  of  the  lever  prevents  the  lever  from  tipping  far,  while 
it  allows  sufficient  freedom  of  motion.  The  lever  itself,  except 
for  a  distance  of  2  cm.  each  side  of  the  middle,  is  cut  away  so  that 
its  top  is  level  with  the  upper  part  of  the  hole  through  the  centre. 
There  should  be  a  pcrew-hole  running  downward  through  the 
middle  of  the  supporting-bar,  to  facilitate  attaching  it,  as  shown 
in  Fig.  33. 

No.  18.  {A  and  E).  Two  brass  scale-pans  about  6.5  cm.  square, 
each  with  its  suspending  threads  weighing  accurately  1  oz.  (that 
is,  not  differing  from  its  weight  by  more  than  0.01  oz.).  Each  pan 
is  suspended  by  four  strong  linen  threads  meeting  in  a  knot  about 
20  cm.  above  the  pan,  two  of  them  continuing  in  a  loop  about 
4  cm.  long  above  this  knot.     (Fig.  33.) 

No.  19.  A  set  of  iron  weights,  8  oz.,  4  oz.,  2  oz.,  and  two  1  oz., 
a  total  of  16  oz.     No  weight  should  be  in  error  more  than  0.01  oz. 

No.  20.  A  flat  pine  board  about  50  cm.  long  and  15  cm.  wide  for 
use  in  the  Exercises  on  Friction. 

No.  21.  A  cubical  block  of  wood  about  3.7  cm.  on  each  edge.  A 
groove  about  1  cm.  wide  and  2  cm.  deep  extends  through  the  lower 
part  of  the  block  with  the  grain  of  the  wood.  An  ordinary  short 
screw  extends  through  one  side  of  the  block  into  this  groove,  and 
serves  to  fix  the  block  in  position  upon  a  meter-rod.  (See  Fig.  38.) 
Across  the  grain  at  the  top  of  the  block  is  a  slot  about  0.1  cm.  wide 
and  0.5  cm.  deep.    In  place  of  No.  21,  No.  31a  or  No.  32a  can  be  used. 

No.  22.  Two  bits  of  wood,  each  about  8  cm.  long  and  1  cm. 
square  on  the  end,  for  supporting  the  spring-balance  in  a  horizpn- 
tal  position.     (Fig.  65.) 
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Rb.  33.  A  plate-giaas  mirror  about  15  cm.  long,  3.8  cm.  wide, 
and  0.2  cm.  thick,  the  coating  on  the  back  protected  by  jwdnt  or 
\'ami8h. 

Ho.  23a.  Two  spring-brass  clasps,  like  66  in  Fig.  94,  for  holding 
mirror  against  block. 

Ho.  34  (A  and  B),  Two  stndght-edged  rulers  of  some  wood  that 
will  keep  its  shape  well — ^white  pine,  for  instance — each  about  30 
cm,  long,  5  em.  wide  and  1  cm.  thick. 

Ho.  25.  A  block  like  No.  21,  but  without  the  large  slot  and  the 
screw.  One  side  of  this  block  is  coated  with  white  paper,  and  a 
vertical  pencil-mark  or  ink-mark  is  made  across  the  middle  of  this 
paper.     (Fig.  138.) 

Ho.  27.  A  cylindrical  mirror  of  nickel-plated  brass,  about  5  cm, 
tall  and  8  cm.  wide,  cut  from  seamless  tubing  4  inches  in  diameter 
and  i  inch  thick. 
Ho.  27a.   Brass  plate  with  projecting  needles   for  marking  the 
points  of  Fig.  106. 

Ho.  27b.  Plate  for  marking  points  of  Fig.  110.  (Nos.  27a  and 
27b  are  for  the  teacher's  use.  They  are  not  referred  to  by  number 
in  the  Exercises.) 

Ho.  28.  A  piece  of  plate-glass  about  7  cm.  square  and  0.6  cm, 
thick,  for  Kxerciso  20  on  Index  of  Refraction.  Two  opposite  edges 
or  »Mrn>w  siilos  of  tho  glass  should  be  ground  tolerably  plane  and 
l>olishod  sutrioieutly  to  allow  seeing  readily  through  the  \^hole 
width  of  tho  plate.      (See  Fig.  119.) 

*  No.  29.  A  braves  partition  made  to  fit  the  small  glass  jar  (Xo. 
\:^)  and  to  extend  downiward  into  the  jar  a  distance  equal  to  about 
one-third  the  diameter  of  the  jar.     It  should  be  made  of  sheet  brass 
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Fig.  292. 

nbout  0.07  cm.  thick.  The  method  of  shaping  and  adjusting  the 
|»Mrtiti«»n  is  sxiggostod  by  Fig.  292.  where  A  shows  a  side  ^-^ew  and 
fi  s\u  vud  \  \v\\  of  the  partition.  The  flanges  shown  in  B  are  bent 
tnnn'  nr  loss  in  adjusting  the  partition  to  fit  the  jar  closely,  but 
wiUumf  t<»o  much  pressure. 

Ho.  30.  An  index  of  thin  sheet  brass  made  to  clasp  the  side 
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of  the  jar  (No.  15).  This  index  is.  a  strip  about  15  cni.  long,  before 
bending,  and  1  cm.  wide,  tapered  to  a  point  at  one  end.  {pb, 
Fig.  121.) 

No.  31.  A  circular  (not  elliptical)  double-convex  spectacle-lens, 
having  a  focal  length  not  less  than  12  cm.  and  not  more  than  16  cm. 

No.  31a.  Support  for  No.  31,  as  indicated  in  the  Figures  293  and 
294,  where  66  is  a  strip  of  brass  holding  the  lens  in  place,  and  ^<S'  is 
a  brass  spring  which  holds  the  block  in  place  on  the  rod.  The 
bevel  on  one  side  of  the  block  allows  an  index  line,  in  plane  witli 
the  centre  of  the  lens,  to  run  down  close  to  the  graduations  on  the 
rod.  The  lower  edge  of  L  rests  in  a  narrow  saw-cut.  ITie  imder 
side  of  the  brass  strip  over  the  lens  is  covered  with  a  piece  of  rubber 
tape  to  give  sufficient  friction. 
h 


Fig.  293.  Fio.  294. 

No.  32.  A  white  cardboard  screen  about  8  cm.  square. 

No.  32a.  A  block,  similar  to  No.  31a  but  without  66  (Fig.  293), 
for  hold^g  No.  32. 

No.  33.  A  small  kerosene  lamp  of  such  size  and  shape  as  to  fit 
it  for  the  use  shown  in  Fig.  136.  The  lower  part  of  the  chimney 
is  surroimded  by  a  thin  sheet  of  asbestos  paper,  having  a  hole  6  or 
8  mm.  in  diameter  at  the  height  of  the  flame.  The  hole  is  covered 
by  tracing-cloth  bearing  a  +. 

No.  33A.  Two  slotted  block  supports  for  meter-rod  used  with 
No.  33.     (See  Fig.  136.) 

No.  34.  A  wire,  of  the  right  size  to  fit  into  the  narrow  slot  of  No. 
21,  bent  at  a  right  angle,  one  arm  about  6  cm.  long,  the  other  about 
4  cm.     (Fig.  138.) 

No.  50.  A  IQ-kgm.  or  30-lb.  straight  spring-balance. 

No.  SI.  A  guard  of  wood  or  metal  to  bestride  the  bar  of  No.  50 
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and  prevent  the  violent  recoil  in  Exercise  30  (26  in  old  list).  (Fig. 
150  )  The  guard  should  be  of  such  a  length  as  not  to  allow  more 
than  1  cm.  of  recoil,  and  therefore,  if  wires  of  very  different  strengths 
arc  used,  a  guard  suitable  for  each  should  be  supplied. 

No.  52.  A  wooden  cylinder  about  2.5  cm.  in  diameter  and  about 
3  cm.  long,  perforated  and  cut  in  such  a  way  that  it  can  be  slipped 
on  to  the  hook  of  the  balance  (No.  50),  but  will  not  turn  around 
on  the  hook.     (See  Fig.  150.) 

No.  53.  A  wooden  cylinder  to  be  conveniently  fastened  upright 
by  means  of  a  screw  to  the  top  of  the  table.     (See  Fig.  150.) 

No.  54.  Screw  calipers  reading  to  0.001  cm. 

No.  55A..  A  rod  of  clear,  straight-grained  white  pine  about  102 
cm.  long  and  1.3  cm.  square.  Much  care  should  be  taken  to  make 
the  width  and  thickness  exact  after  the  rods  are  thoroughly  dried. 
(Pee  Exercise  33  (29  in  old  list).) 

No  55B.  A  rod  t^ice  as  wide,  but  similar  in  all  other  respects  to 
55a. 

No.  56.  A  set  of  three  hard-wood  prisms,  each  about  3  cm.  long 
and  2  cm.  wide,  the  ends  shaped  as  in  Fig.  295.     The  height  from 
y.  base  to  apex  on  the  end  should  be  the  same  for  all. 

/     N^        These  prisms  are  intended  to  support  the  rod  and  the 

index  used  in  Exercises  32  and  33  (28  and  29  in  old  list). 

No.  57.  A  strip  of  wood  about  32  cm.  long,  0.5  cm. 

Fia  295        wide  and  0.2  cm.  thick,  to  serve  as  an  index  in  Exer- 
cises 32  and  33. 

No.  58.  A  10-cm.  scale  divided  to  mm.,  attached  to  a  base-block 
so  as  to  stand  upright,  for  use  in  Exercises  32  and  33. 

No.  59.  A  metal  pan  about  12  cm.  in  width,  with  looped  strings 
attached,  to  carry  the  weights  used  in  Exercises  32  and  33. 

No.  60.  Set  of  iron  weights,  100,  200,  300,  500,  1000  gm.,  for 
use  in  Exercises  32  and  33.  Corresponding  weights  marked  in 
ounces  (see  No.  19)  can  be  used  in  place  of  gram- weights. 

*  No.  61.  A  rod  of  clear  straight-grained  ash  1  m.  long  and  1  cm. 
square  in  cross-section,  one  end  of  which  is  fitted  firmly  into  the 
middle  of  a  cross-bar  about  32  cm.  long,  1  cm.  thick,  and  3  cm. 
wide  (at  the  middle).  Near  each  end  of  the  cross-bar  is  a  peg 
to  take  the  loop  of  a  string,  the  pegs  being  30  cm.  apart.  Pro- 
jecting through  the  cross-bar,  in  line  with  the  axis  of  the  rod,  is 
a  round  nail  or  brad  2  cm.  long.  (In  place  of  the  cross-bar  a  circle 
of  wood  can  be  used,  as  in  Fig.  154.) 
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A  cleat  about  4  cm.  long  and  2  cm.  square,  having  on  one  side  a 
notch  1  cm.  wide  and  0.5  cm.  deep,  goes  with  the  rod  for  attach- 
ing it  to  the  horizontal  bar  above  the  table-top.  Cleat  not  shown  in 
Fig.   154. 

*  No.  62.  A  rod  like  No.  61,  but  2  cm.  square  in  cross-section 
and  provided  with  a  correspondingly  heavy  cross-bar  and  cleat. 

*  No.  63.  A  sheet  of  cardboard  or  metal  upon  which-i»- traced 
one-eighth  part  of  the  circumference  of  a  circle  of  15.5  cm.  radius, 
the  arc  being  divided  into  degrees  and  half-degrees.  This  is  for 
use  in  the  twisting  experiments  with  Nos.  61  and  62. 

No.  64.  Two  small  tumblers.     (See  Fig.   16.) 
No.  65.  Tubes  and  pinch-cock  for  the  Exercise  on  Balancing 
Columns.     (See  Fig.   16.) 
No.  66.  Wooden  support  for  No.  65  with  meter-rod.    (See  Fig.  16.) 

No.  67.  Glass  tube  for  Boyle's  law  (see  Fig.  19),  about  0.7  cm. 
in  diameter  inside;  the  closed  arm  about  30  cm.,  the  other  about 
110  cm.  long.  The  short  arm  of  this  tube  should  be  of  veiy  imi- 
form  bore. 

No.  68.  An  inexpensive  barometer,  the  readings  of  which  should 
not  differ  more  than  0.3  cm.  from  those  of  a  standard  instnunent. 
(See  Exercise  9  (33  in  old  list). 

No.  69.  A  2-liter  glass  bottle,  provided  with  a  perforated  rubber 
stopper  through  which  extends  a  short  piece  of  glass  tubing  con- 
nected with  a  thick,  soft,  rubber  tube  about  15  cm.  long,  carrying 
a  strong  pinch-cock.  (This  piece  of  apparatus  is  for  Exercise  10 
on  the  Density  of  Air  (see  Fig.  27).  The  bottle  and  the  tubing 
must  be  strong  enough  to  be  in  no  danger  of  collapsing  when  all 
the  air  is  removed  from  it.  Red  antimony-rubber  is  recommend- 
ed for  the  stopper  and  tube,  as  it  is  very  pliable.) 

No.  70.  Glass  U-tube  each  arm  of  which  is  about  1  m.  long  and 
0.5  cm.  in  diameter  inside.  For  pressure-gauge  in  Exercise  10. 
(See   Fig.   27.) 

No.  71.  Platform-balance  weighing  from  1  kgm.  to  1.0  gm.,  pro- 
vided Avith  a  set  of  brass  weights. 

No.  72.  Air-piunp  for  both  exhaustion  and  compression,  with 
simple  base  for  attachment  to  floor  or  wall.  The  capacity  should 
be  not  less  than  100  cu.  cm.  per  stroke.     (See  Fig.  27.) 

No.  73.  A  metal  Y-tube  with  attached  rubber  tubes,  for  con- 
necting Nos.  69,  70,  and  72,  as  in  Fig.  27. 

No.  74.  A  smooth  flat  board,  protected  from  warping  by  cross- 


piei-es  at  the  ends,  upon  which  a  square  30  cm.  on  the  aide  is  kid 
off  and  divided  into  squares  each  5  cm.  on  the  ride,  the  lines  hang 
made  with  a  pencil  ora  knife,  a  hole  about  0.3  cm.  in  diameter  \teiaf 
drilled  nearly  through  the  board  nt  eveir  crossing  (see  Fig.  29fi); 
the  under  side  of  the  board  cov- 
ered with  a.  thick,  smooth  sheet  o[ 
tin.  Several  iron  pegs  fitting  well 
holes  in  the  board.  Three  smootii 
round  marbles  equal  in  size,  or.  bel- 
ter, three  steel  bicycle-balls  to  sup- 
port the  board  in  a  horizontal 
position    and    give    it   freedom  ot 
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For  certain  uses  (see  p,  83)  the 
board  should  be  provided  with  a 
no.  iiiu.  detachable  bar,  marked  off  in  centi- 

meters and  milUmeters,  extending  across  its  top  ajid  nuaed  a  few 
millimeters  from  the  surface. 

(It  is  quite  as  well  t-o  make  the  board  in  2-inch  squares  aa  inS-cm. 
squares. 

Some  teachers  prefer  a  board  of  half  the  size  here  described, 
marked  off  in  inch  squares,  to  be  used  with  spring-balances  smaller 
than  No.  50.) 

Ho.  7S.  A  bed  for  No.  50,  to  hold  the  balajice  flat  on  its  back  and 
to  raise  the  horizontal  string  leading  from  the  hook  a  very  little 
above  the  surface  ot  the  board  No.  74,  when  this  is  resting  upon 
the  supportmg  balls.     (See  Fig.  297.) 


FiQ. 207. 

Ho.  76.  Two  strong  brass  carriages  (see  Fig,  298),  each  large 
enough  to  hold  about  1  kgm.  of  iron  and  sufficiently  well  made  to 
continue  in  motion  after  being  gently  started  down  an  incline  of 
1  in  50.  To  each  carriage  is  attached  a  small,  thin  rubber  tube  about      I 


APPENDIX  /. 


543 


50  cm.  long  and  of  such  quality  that  it  will  bear  strptching  to  twice 
its  original  length.     For  use  in  Exercise  36. 

No.  77.  Two  smooth  straight  planks,  each  about  120  cm.  long 
and  15  cm.  wide,  to  serve  as  tracks  for  No.  76.  (Hee  Fig.  159.) 
Each  plank  should  have  at  one  end  an  e1evating>srrf*w  capable  of 
raising  that  end  2  cm.  higher  than  the  other  and,  along  all  four 
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edges  of  one  face,  cleats  risini^  about  1.5  <*m.  ahov«»  the  mirfac<$. 
The  clear  space  between  the  ^de  cieatu  should  b^  2M  much  tm  1 1  cm. 
wide. 

Ho.  78.  Cast4ron  weight  csr  WRightH  amounting  to  about  1  kgm., 
of  such  dimensions  as  to  be  carried  securpty  in  one  of  the  carriages 
Xo.  76. 

Rio.  79.  The  whole  apparatun  nw^  for  Rx*»T»»if»*»fl  37  and  38  on 
Action  and  Reaction,  an  follown: 

Two  ivory  balls,  one  of  about  .V)  s^m.,  th^  oth^^r  thr*»*»  or  four 
limes  as  heavy,  earh  provide  with  a  hook  for  -nmp^n^Hon. 

Aboard  about  20cm.  lone,  rt  cm.  wid^,  xruK  I  ^m.  thi^^k.  b^vMM 
along  one  edge  (from  which  the  ppnHubim-bflll*  fir'*  to  h?»TiGr>,  hflvinj^ 
three  fine  ^ots  in  the  amite  pdge  of  the  b^'v^l.  .Vo.  1  h'^mt  on**  ^nd, 
No.  2  separated  from  Xo.  1  by  a  difltanr^f*  or\\\i\\  to  ^h^  "»nm  <')f  th*» 
radii  of  the  balls,  No.  3  about  0.3  '^m.  \f\r^\\(*r  from  .Vo  I .  f^rc  P'jj^. 
165.) 

SevenU  yards  of  small.  'mr^ov^rM    ^onryr    Hr«^     •♦»-ons^  ^notigh 

to  bear  twice  the  weight,  of  ih*»  n^-nrp  i,*^]!       \v.    \^t^  'ho  ^^rrs  arr* 

attscfacd  to  the  p^^  or  tark«  in  tb«»  ^»**«v^w;T^flr  l>ooH  .md  hnng 

4Diiii.tl0CNi[^tkrn«ylehe»,  .Vo^.  1  is  in  u<«^  ^Pi^. 

b    Itt^jof^  3wieT  ttitM 
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A  base-board  1  m.  long,  with  graduated  raised  bar  along  its  top 
carrying  two  detents  for  holding  the  balls  in  place  before  release. 
(See  Fig.  167.)  The  detents  should  be  attachable  at  any  part  of 
the  bar,  and  the  line  of  sight  through  the  slots  of  the  two  uprights 
(see  Fig.  166)  should  be  parallel  to  the  bar.  (The  base-board  here 
described  is  long  enough  if  the  suspension  is  not  longer  than  2  m. 
If  the  suspension  is  much  longer  than  this,  which  is  desirable,  two 
base-boards  can  be  used.) 

No.  8o.  A  Gilley  boiler,  with  screw-top,  water-gauge,  and  pres- 
sure-gauge.    (Indicated,  about  one-seventh  size,  in  Fig.  181.) 

No.  8 1.  A  sheet-copper  dipper  about  10  cm.  deep  and  4  cm. 
wide,  encircled,  about  2  cm.  from  the  top,  by  a  flange  of  sheet  cop- 
per about  4  cm.  wide.     (See  Fig.  190.) 

No.  82.  An  inexpensive  paper-scale  centigrade  thermometer  grad^ 
uated  a  few  degrees  below  0°  and  above  100°  C.  . 
No.  83.  A  Bunsen  burner. 

No.  84.  A  rod  or  tube  of  brass  about  5  mm.  in  diameter  and 
about  60  cm.  long,  one  end  of  which  is  flat,  while  the  other  end, 
plugged  if  a  tube  is  used,  is  turned  to  a  sharp  point.  For  use  in 
Exercise  40. 

No.  85.  A  seamless  brass  tube  about  2.5  cm.  in  diameter  and 
a  few  mm.  shorter  than  No.  84,  which  is  to  be  heated  within  it  bv 
the  action  of  stonm.  See  Fig.  183,  which  shows  the  inlet  and  out- 
let for  the  steam  and  also  the  tubulure  m  by  which  a  thermometer 
bulb  reaches  the  interior.  The  ends  of  the  heating  tube  are  fitted 
with  short,  non-protruding  rubber  stoppers,  perforated  so  that 
No.  84,  when  placed  in  No.  85,  extends  slightly  through  the  stop- 
per at  each  end. 

No.  86.  A  wooden  rack,  with  lever-index  attachment,  for  hold- 
ing No.  65  in  position  when  in  use.     (See  Fig.  183.) 

Fig.  299  shows  a  vertical 
cross-section  through  the 
rack  and  the  pivot  of  the 
lever.  Fig.  300  shows  the 
pivot  cross-section  about  half 
size.  Everything  shown  in 
Fig.  300  is  of  brass  except  a 
part  of  the  end,  /,  of  the 
wooden  index. 
No.  86a.  This  is  No.  86  without  the  lever  index  and  with  an 
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attachment,  c  and  S  in  Fig.  188,  adapting  it  for  use  with  No.  87. 

S'  in   that   figure  is  one  aspect  of  S, 

S  slides   on  the  post  which  is  carried  P 

Vkv  r    -wViinh    sliHps  on   R       Ficr    SOI    is  a  -^ 


I 


?S$^^^§$$§^  >§$^ 


by  c,  which  slides  on  B,     Fig.  301  is  a  ^   w 

vertical   cross-section  through  c.     Fig. 
302  is  a  vertical  cross-section  through  a 

of  Fig.  188. 

No.  87.  A  glass  tube  containing  dry 
air  retained  by  a  colunm  of  mercury,  for       -pjQ.  301.         Fio.  302. 
use  in  Exercises  41  and  42. 

The  selection,  calibration,  drying  out,  sealing,  and  filling,  of  No. 
87  is  an  operation  requiring  considerable  care.  Directions  for  it 
will  be  furnished  to  makers  of  apparatus  and  will  be  given  in  the 
pamphlet  intended  for  the  teacher  using  this  book. 

No.  88.  A  "galvanized  iron'*  tray  about  35  cm.  long,  6  cm.  wide, 
and  6  cm.  deep,  having  a  tubulure  at  one  end.  This  tray  is  to 
hold  ic«- water  or  snow  for  cooling  the  air-column,  the  tube  con- 
taining which  Ls  thrust  through  a  short  rubber  stopper  in  the  tubu- 
lure.    (See  t  in  Fig.  187.) 

Ho.  88a.  A  leveling-table  (see  Fig.  187)  for  supporting  No.  88  and 
giving  a  level  surface  from  which  the  height  of  the  ends  of  the  mer- 
cury column  in  No.  87  can  be  measured.  A  hinge,  h,  and  a  level- 
ing-screw,  S,  facilitate  the  leveling. 

No.  88b.  A  small  spirit-level  for  use  with  No.  86a  and  No.  88a. 

No.  89.  A  calorimeter  of  about  600  cu.  cm.  capacity.  The  thin 
nickel-plated  brass  vessels,  larger  at  top  than  at  bottom,  sold  at  hard- 
ware stores  as  "liquor-shakers,"  serve  exceedingly  well  for  this 
purpose. 

No.  90.    Half  a  kilogram  of  lead  shot. 

No.  91.  A  strong  canvas  bag,  30  cm.  long  and  20  cm.  wide,  for 
pounding  ice. 

No.  92.  A  glass  trap  for  catching  the  water  formed  by  condensa- 
tion in  the  conducting-tube  in  Exercise  46.     (See  Fig.  202.) 

*  No.  93.  A  small  spy-glass. 

*  No.  94.  GlaiBS  tube  about  2.5  cm.  in  diameter  and  about  1.2  m. 
long,  provided  Yfith  a  piston  consisting  of  a  cork  stopper  and  a  rod 
of  wood  or  metal.     For  use  in  Exercise  48. 

No.  95.  Tuning-fork  of  about  256  double  vibrations  per  second. 
No.  96.  Apparatus  for  determining   the   number   of   vibrations 
per  second  of  No.  95,  by  means  of  a  tracing  on  smoked  glas?..     (!t>^vi 
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Fig.  229.)     The  pendulum  should  make  three  or  four  angle  beats 
a  second. 

*  No.  97.     A  straight  bar  magnet  about  15  cm.  long  and  1  cm. 
square  in  cross-section.     For  Exercise  50. 

No.  98.  A  small  magnetic  compass  with  needle  2  or  3  cm.  long. 

No.  99.  A  small  copper-zinc  cell  for  one  fluid,  consisting  of  a 

small  glass  jar,  or  tumbler,  and  two  thin  strips,  one  of  zinc  and  one 

of  copper,  each  about  10  cm.  long  and  1  cm.  wide,  each  provided 

with  a  copper  wire,  about  No.  22,  some  30  cm.  long.      A  block  of 

wood  about  3  cm.  wide,  fitted  to  the  top  of  the 
jar,  carries  two  spring  clamps  for  holding  the 
metal  strips. 

No.  100.  A  galvanoscope,  with  coil  about 
15  cm.  in  diameter,  wound  with  15  turns  of 
wire,  about  No.  20,  in  such  a  way  that  5, 
10,  or  15  turns  may  be  used  at  will.  This  in- 
strument is  not  to  be  treated  as  a  tangent  gal- 
vanometer, and  the  compass  upon  it  is  small 
(See  Fig.  250.) 

No.  loi.  The  solid  parts  of  a  small  Daniell 
cell,  the  copper  and  zinc  plates  provided  with 
wires,  about  No.  20,  some  30  cm  long. 

No.  102.  A  simple  commutator  for  electric 
currents.     (See  Fig.  256.) 

No.  103a.  Six  wooden  spools  (Fig.  303,  half 
size)  each  wound  with  uncovered  No.  30  Ger- 
man-silver wire,  two  of  them  carrying  200  cm. 
each,  one  carrj-ing  160  cm.,  one  120  cm.,  one 
80  cm.,  one  40  cm. 

*  No.  103b.  A  similar  spool  with  200  cm.  of 
No.  28  German-silver  wire. 

No.  103c.  A  similar  spool  with  2000  cm.  of 
No.  30  covered  copper  wire. 
All  of  the  G.-s.  wires  of  Nos.  103a  and  103b  should  be  of  the  same 
quality,  all  of  the  No.  30  being,  if  possible,  from  the  same  piece. 

Every  spool  should  be  soaked  in  melted  paraffin  before  the  wire 
is  laid  on  it.  Every  wire  should  be  wound  in  such  a  way  as  to  have 
no  magnetic  effect.  Every  spool  should  be  dipped,  not  soaked, 
in  melted  paraffin  after  it  is  wound. 

At  some  point  on  each  spool  the  wire  should  be  left  so  exposed 
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that  ita  diameter  cam  be  measured  by  means  of  screw  calipers.  For 
tluB  purpose  a  tnt  may  be  left  projecting  beyond  the  point  of  solder- 
ing \a  the  heavy  copper  terminals. 

Ho.  104.  A  puT  of  double  binding-poets  for  uae  with  the  spa<^ 
of  No.   103. 

Ho.  105.  A  pwr  of  trifJe  binding-poata  for  introducing  two  of 
the  spools  of  No.  103a  into  the  circuit  in  parallel.  (Not  nnvjuory.) 
Ho.  106.  A  mmple  form  of  Whcatetone's  bridge,  shown  in  Fig. 
26ft,  with  thick  connecting  strips  of  brass  or  copper  of  verj-  small 
reaatance  in  comparison  with  the  thin  German-silver  wir^,  hi,  one 
meter  long,  which  is  stretched  along  a  meter-rod  (not  shown),  and 
is  neatly  soldered  to  the  strips  at  each  end.  At  a,  b,  d,  e,  /,  g,  and  m 
are  binding-posts.  The  post  a  has  two  nuts,  and  under  the  lower 
nut  is  a  washer,  the  edge  of  which  comes  just  over  the  inner  edge 
of  the  metal  strip  beneath.  The  post  b  is  similarly  provided.  Thi.'* 
makes  it  possible  to  stretch  a  thin  wire  from  a  to 
b  and  fasten  it  securely  beneath  the  washers,  so 
ttiat  just  one  meter  of  its  length  will  be  exposed, 
as  in  Fig.  267.  Battery  connections  can  be  made 
at  a  and  b  without  disturbing  this  wire,  which  is, 
however,  not  kept  in  place  during  the  ordinary  use 
of  the  apparatus.  The  gaps  de  and  jg  should  be  of 
Buch  a  width  as  to  receive  conveniently  the  terminals 
of  the  re«stance-coils  of  No.  103. 

A  suitable  slide  is  provided  for  making  contact 
with  the  wire  ki. 

Ho.  107.  An  inexpenmve  astatic  galvanometer, 
that  shown,  for  example,  in  Fig.  268.  The  small 
cost  of  this  form  is  partly  due  to  the  fact  that  the 
metal  frame  on  which  the  wire  is  wound  is  in  such 
shape  that  it  can  be  cast. 

Ho-  108.  A  redstance-box  with  a  range  from  1 
ohm  to  10  ohms  or  higher.  (A  0.1-ohm  coil  is  un- 
necessary and,  in  a  cheap  box,  unreliable.) 

Ho.  tog.  A  temperature-coil,  for  showing  change 
of  rewstance  with  change  of  temperature  (see  Fig. 
304).  Thisconaats  of  fine  copper  wire,  uncovered, 
wound  in  grooves  in  a  hollow  hard-rubber  cylinder. 
The  terminals  are  convenient  for  inserting  the  coil  in 
gaps  of  the  Wheatstone  bridge  (No.  106).     (Fig.  270.) 
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In  use  the  coil,  so  far  as  the  windings  extend,  is  immersed  in 
water.  A  hole  in  the  plug  at  the  top  of  the  cylinder  gives  ad- 
mission to  a  thermometer. 

Wo.  no.  The  parts  of  a  telegraphic  sounder  and  key,  the  simpler 
the  better,  to  meet  the  requirements  of  Exercise  59. 

♦No.  III.  The  parts  of  a  small  electric  motor,  to  meet  the 
requirements  of  Exercise  60. 

*  No.  112.  The  parts  of  a  small  dynamo,  to  meet  the  require- 
ments of  Exercise  61. 

ARTICLES  USED  BY  THE  TEACHER,   BUT  NOT  TO   BE 

FURNISHED  TO   STUDENTS. 

(Articles  marked  thuSj  *,  may  he  dispensed  with,  if  economy  is  an 

important  consideration.) 

Nos.  I-LFV  and  the  Miscellaneous  Articles,  Section  1,  are  de- 
sirable for  the  first  fourteen  chapters  of  the  book. 

No.  I.  A  gauge  for  testing  pressure  at  various  points  and  in 
various  directions  in  a  jar  of  water.  In  Fig.  305,  P  is  a  piUar  of 
wood  or  metal  about  25  cm.  tall;  C  is  a  small  glass  thistle-tube 
about  1.7  cm.  wdde;  m  is  a  thin  rubber  membrane  fastened  water- 
tight across  the  mouth  of  C ;  p  and  p  are  hard-rubber  pulleys  about 
1.7  cm.  in  diameter,  made  fast  on  their  axes;  r  is  a  small  rubber 
tube;  ^  is  a  glass  tube;  i  is  a  short  column  of  water  serving  as  an 
index.  A  band  of  strip-rubber,  such  as  toy  stores  suppl}^  connects 
the  two  pulleys  p  and  p,  so  that  by  turning  a,  the  axis  of  the  upper 
pulley,  between  the  thumb  and  finger,  the  gauge-face  m  may  be 
turned  upward,  downward,  or  sidewise,  without  changing  level. 
A  student-lamp  chimney,  with  stopper  for  one  end,  accompanies 
this  gauge. 

No.  II.  Apparatus  for  bursting  a  bottle  by  an  attempt  to  com- 
press water  within  it. 

The  essentials  are  a  glass  bottle,  with  a  perforated  rubber  stopper 
which  fits  the  bottle  well  when  driven  in  its  full  length;  a  strong 
frame  for  holding  the  bottle  and  keeping  the  stopper  in  place:  a 
rod,  with  convenient  handle,  to  be  driven  water-tight  down  through 
the  hole  in  the  stopper. 

No.  IV.  Strong  thistle-tube  (Fig.  18)  about  2.5  cm.  wide,  cov- 
ered at  the  mouth  with  strong  sheet  rubber  and  furnished  with  a 
thick- walled  rubber  tube  about  20  cm.  long. 
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No.  V.  Small  air-pump  suitable  for  both  exhaustion  and  com^ 
pression. 

Such  a  pump  is  frequently  sold  without  base,  but  it  is  well  to  liave 
a  base,  bell-jar  plate,  and  one  or  two  bell-jars.  For  many  pur- 
poses a  larger  pump  is  desirable. 
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No.  VI.  See  No.  67. 

No.  Vn.  A  rubber  football  "bladder." 

No.  Vni.  Small  bottle  provided  with  rubber  stopper  fitted  with 
two  glass  tubes  as  in  Fig.  20. 

No.  IX.  Glass  model  of  lifting-pump  (Fig.  23). 

No.  X.  Glass  model  of  force-pump  (Fig.  24). 

No.  XI.   Hydrometer  for  liquids  less  dense  than  water. 

No.  Xn.  Hydrometer  for  liquids  more  dense  than  water. 

No.  Xni.  Glass  U-tube  (Fig.  15)  about  CO  cm.  long  before  bend- 
ing. 

No.  XIV.  Some  form  of  the  Cartesian  Diver. 

No.  XV.  Eight-inch  and  four-inch  wooden  disks  combined  in  one 
piece  for  use  as  a  pulley.     This  piece  is  fitted  with  various  pins  (; 


Tig.  306. 

Ho.  XXL    Pend 111 «iiri  -  support  and  pendulum  -  balls   (Figs.  162 
ari/i  163;. 


t  A  nu rnVyrr  of  excellent  features  in  this  apparatus  are  due  to  Mr, 
Hweet,  fomi/.'riy  of  the  Kindge  Manual-Training  School  in  Cant 
bridfir. 
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Ho.  XXn.  Three  small  packages  of  dyestufTs  soluble  in  water, 
various  colors. 

Ho.  XXlll.  Three  glass  plates,  red,  green,  and  blue,  about  10  cm. 
square. 

No.  XXIV.  Camera  obscura  consisting  of  two  pasteboard  tubes 
each  about  25  cm.  long.  The  larger,  about  5  cm.  in  diameter,  is 
closed  at  one  end  save  at  the  centre,  where  there  is  a  hole  about 
0.1  cm,  in  diameter  in  a  thin  partition.  The  smaller  tube,  about 
4  cm.  in  diameter,  is  closed  at  one  end  by  thin  tracing-paper.     (See 

§  117.) 

Ho.  XXV.  Make  according  to  the  following  directions:  On  a 
board«about  35  cm.  square  (Fig.  103)  lay  off  a  circle  30  cm.  in  diam- 
eter. Bore  12  holes,  1,  2,  3,  etc.,  dividing  the  circvunference  in  30° 
parts.  From  the  centre  draw  radii,  making  the  angle  a  of  90°, 
P  of  60°,  and  f  of  30°.  Provide  pegs,  about  15  cm.  tall,  to  fit  in  all 
the  holes. 

Mount  two  strips  of  thin  " silvered'*  glass,  each  about  20  cm. 
long  and  10  cm.  wide,  on  two  boards  hinged  together  in  such  a  way 
that  the  angle  between  them  may  be  varied  from  30°  or  less  to  90° 
or  more,  the  longer  edges  of  the  mirrors  being  horizontal. 

No.  XXVL  An  inexpensive  kaleidoscope. 

No.  XX Vn.  A  concave  spherical  mirror  12  or  15  cm.  in  diameter. 

No.  XXVnL  A  "  granite-ware  *'  basin  15  cm.  or  more  in  diameter. 

Ho.  XXIX.  Thin  waterproofed  board,  pierced  by  knitting-needle 
for  experiment  on  the  critical  angle  (Fig.  126). 

No.  XXX.  A  porte-lumi^re. 

No.  XXXL  Right-angled  glass  prism  about  5  cm.  long,  for  show- 
ing "total  reflection"  (Fig.  125). 

Ho.  XXXn.  A  pair  of  equilateral  prisms,  for  experiment  on  pro- 
jecting the  solar  spectrum  (§  185). 

No.  XXXIII.  Set  of  about  half  a  dozen  lenses  of  various  shapes 
4  or  5  cm.  in  diameter  (Fig.  131). 

No.  XXXIV.  Set  of  about  half  a  dozen  convex  lenses  varying 
from  2  cm.  to  50  cm.  in  focal  length,  the  largest  6  or  8  cm.  in  diam- 
eter. 

No.  XXXV.  Rotating  apparatus  f  suitable  for  carrying  Max- 
well's color-disks,  etc. 

No.  XXXVL  Set  of  color-disks ;  e.g.,  those  made  by  Milton  Bradley. 

t  The  well-known  little  tops  with  color-disks  serve  very  well  if 
laiger  forms  of  XXXV  and  XXXVI  are  not  available. 
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No.  L.  Four  wire  frames  and  a  clay  pipe  for  experiments  on  sur^ 
face  tension  of  liquid  films  (Figs.  28-30). 

No.  LI.  Mariotte's  bottle  (Fig.  21). 

No.  Ln.  Brass  cylinder  14  cm.  in  diameter  and  7  cm.  long,  with 
well-fitting  piston.  This  is  a  part  of  Gage's  "  Seven-in-One  "  appara- 
tus (Fig.  12). 

No.  Lin.  Double  cone  on  track  consisting  of  two  inclined  and  non- 
parallel  rails.  The  double  cone  appears  to  roll  up  hill.  (Exp.  1, 
§82.) 

No.  LIV.  Wooden  cylinder  about  10  cm.  long  and  5  cm.  in  diam- 
eter hea\'ily  loaded  on  one  side  internally,  for  eccentric  motion 
in  rolling  along  a  horizontal  surface.     (Exp.  2,  §  82.) 

No.  L V.  Apparatus  for  testing  effect  of  gravity  on  a  body  having 
horizontal  motion.     (See  Fig.  161.) 

No.  LVI.  Apparatus  for  showing  reaction  of  a  stream  of  water 
escaping  from  a  vessel.  (See  Fig.  169.)  The  cylinder  is  about 
30  cm.  tall  and  5  cm.  in  diameter. 

No.  LVn.  Three  rods,  one  of  copper,  one  of  iron,  and  one  of  glass. 
(See  §  252.)  In  place  of  these  may  be  used  any  common  form  of 
"  Ingenhaus's  apparatus"  for  showing  differences  of  thermal  con- 
ductivity. 

No.  LVIII.  Half  a  dozen  assorted  test-tubes  with  a  supporting 
rack. 

No.  LIX.  A  rod  of  brass  and  wood  about  20  cm.  long  and  1.5  cm. 
in  diameter.  (See  Fig.  174.)  The  wood  should  be  especially  well 
seasoned,  so  that  it  will  not  in  drying  become  smaller  than  the  rod. 

No.  LX.  A  sheet  of  'Houch-paper''  made  by  soaking  blotting- 
paper  in  a  strong  aqueous  solution  of  saltpetre  and  then  drying. 

No.  LXI.  Tubular  glass  rectangle  for  showing  convection  currents 
in  water.  The  internal  diameter  of  the  tube  should  be  about  1  cm., 
and  the  dimensions  of  the  rectangle  30  by  20  cm.  (Fig.  176). 

No.  LXII.  Glass  bulb  4  or  5  cm.  in  diameter,  with  a  straight  tube 
about  20  cm.  long  and  3  or  4  mm.  inside  diameter.  (See  §  257, 
Exp.  1.) 

No.  LXIII.  Copper  or  brass  ball  and  ring  about  3  cm.  in  diameter. 
(See  Fig.  177.) 

No.  LXIV.  Two  glass  flasks  of  the  same  size,  about  500  cu.  cm 
capacity,  each  provided  with  a  perforated  rubber  stopper  and  a 
narrow  glass  tube.  (See  Fig.  178.)  The  tubes  should  be  alike. 
(See  Exp.  2,  §258.) 
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No.  LXV.  Compomui  metal  bar  for  showing  unequal  ex|>anHii>a 
(See  Fig.  179.) 

*  No.  LXVL  A  ''metallic"  thermometer,  with  open  or  glaiM< 
covered  back  to  show  the  mechanism. 

*  No.  LXVn.  A  clock  balance-wheel,  showing  th*vii*e  for  nelf- 
adjustment  to  temperature-changes.     (Set*  Fig.  IS'>.> 

No.  LXVnL  "Trevelyan's  rocker"  and  a  niassivu  Hut  ring  of 
lead.     (See  Fig.  186.) 

*  No.  LJUX.  An  air-thermometer  suitably  nu)unt4Hl.  (S«h»  Fig, 
189.) 

No.  LXX.  Set  of  six  glass  beakers,  two  of  1  lit4T  capm^ity,  two  of 
500  cu.  cm.,  and  two  of  100  cu.  cm. 

No.  LXXL  A  round-bottomed  glass  flask  of  about  A(M)  (mi.  cim. 
capacity,  ha\'ing  a  branch  tube  at  I  ho  neck,  tM|uip|NMl  \\r\  in  l-'i^.  lUii 
for  illustrating  the  nature  of  boiling.  This  fhisk  shoitM  \n^  Mtnuig 
enough  to  bear' complete  exhaustion  of  th«  fiir. 

No.  LXXn.  An  iron  ring-stand,  having  two  riii^M  uimI  two  uniiri 
provided  with  clamp>s. 

No.  LXXnL  Glass  tube  about  80  cm.  long  iind  O.N  rni.  in  diuiii- 
eter,  sealed  at  one  end.     (See  Fig.  197.) 

No.  LXXIV.  .\n  iron  mercury-well  about  90  rm.  ilj^np,  (intfVr- 
ably  one  with  a  glass  basin  at  tlie  toj).     (r^'<»  V'\[t,.  197.) 

No.  LXXV.  Two  thin  watch -glassfs. 

No.  LXXVI.  Acryophorufi  (hoc  Ki^.  201).  'I  li<t  vvlioln  umiomhI  of 
water  within  should  be  to<>  little  to  half  fill  eiili<j  IhiIIi,  olliriwimi 
the  apparatus  is  likely  to  be  broken  when  free/mp;  ih  imn. 

No.  LXXVn.  A  *'fire-syrinf(e  "  arnl  .' ^fn,  ol  ifnin\  UmUi.  (liUji. 
1,  §  301.) 

No.  LXXVnL  A  small  "rlifferenti/il  thermomelef/'  M»n.iloMnK  ot 
two  bulbs  partly  filled  with  some  vol;itile  rn\nni\  \u\mt\,  (i,nhnU.i\ 
by  a  slender  stem  Ijf^nt  twiee  at  ritrht  arit/le^i  ''  I  »t<  '-^O^.j  1  \l\^^  In.il  i  n 
ment  mast  be  of  such  Hize  and  y.npfKirt'H  rri  ^m  f»  a  w<i  /  Ihnl.  ||.  i  mi  lii: 
conveniently  u.sed  under  the  l/^ll  jar  wUuU  tnit/  \tr.  tiini\a\nu\  w\l\\ 
No.  y.     (See  §3^Jl.  Kxp.  2., 

♦No.  LXXIX.  Oihieal  bra^^  },ot,H.\^^ul  H  nn  d/e.p,  f^avini^  oni; 
of  its  vertical  sid^rs  brightly  f/>114»ed,  one  fotiiM  •^Hf,  con,/,  v.iini-^h 
capable  of  b^^ring  a  prtv/ hljrh  ton.f^  r:th,ft'^  hi,*-  pai/iMd  a  <J*:a«i 
white,  one  pain  rM  dea/j  bla^k.      ^"^e  !►$(   '^17; 

♦No.  LXXX,  7herrr.oT/::e       '-".:  i\^    l\l  j 

♦Ho.  LXXXI.  ;fef:^:/*;r»g  s^^.i.ary.fr^efyf,    ''»^.h  ^.if'/*'^i  //Mff//r  of 
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with  lens  for  projection  (see  Fig.  307),  for  use  with  No.  LXXX. 
The  light  should  enter  at  the  side  and  be  reflected  to  the  scale  SS.\) 

*  No.  LXXXn.  Welsbach  burner  (w,  Fig.  305),  for  use  with  No. 
LXXXI.  The  chimney  is  surrounded  by  a  metal  shield  having  a 
hole  about  0.7  cm.  in  diameter  at  the  height  of  the  brightest  part  of 
the  mantle.  It  is  well  to  have  a  vertical  wire  fastened  across  this 
hole.     In  place  of  this  a  spiral  incandescent  lamp  can  be  used. 

*  No.  LXXXm.  Scale  {SS,  Fig.  305)  not  less  than  1  m.  long,  in 
di\'isions  of  about  2.5  cm.,  on  tracing-cloth,  properly  supported,  for 
use  with  Xo.  LXXXL     But  see  foot-note. 

No.  LXXXIV.  Pair  of  spherical  metallic  mirrors  as  much  as  30 
cm.  in  diameter,  suitable  for  experiment  on  the  reflection  of  obscure 
radiations  and  sound-waves.     (See  Fig.  225.) 
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Fig.  307. 

No.  LXXXV.  An  alarm-bell  small  enough  to  go  under  the  bell- 
jar  which  accompanies  No.  V.     (See  §  322.) 

t  If  a  mirror  is  placed  in  the  path  of  the  rays  emerging  from  the 
galvanometer,  they  can  be  brought  to  a  focus  on  an  opaque  screen 
placed  on  the  wall  above  the  galvanometer.  See  Fig.  16  in  ^nith 
and  Hall's  Teaching  of  Chemistry  and  Physics. 
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No.  LXXXVL  Rotating  apparatus  suitable  for  carrying  Crova's 
disk,  etc. 

No.  LXXXVn.  Crova's  disk  (Fig.  221).  See  directic  ns  in  May- 
er's Sound. 

No.  LXXXynL  An  ear-trumpet. 

No.  LXXXIX.  Apparatus  for  showing  that  a  musical  sound  is 
produced  by  regularly  timed  impuiscs,  and  that  the  same  number  of 
impulses  per  second  not  regularly  timed  do  not  produce  a  musical 
sound.  This  may  be  a  disk,  with  holes  to  be  blown  through  or 
with  projecting  pegs  to  strike  a  card,  revolved  on  the  rotating  ap- 
paratus No.  LXXXVI.     (See  Fig.  226.) 

No.  XC.  Stnught  piece  of  clock-spring,  about  50  cm.  long.  (Exp. 
2,  §330.) 

No.  XCL  Two  luimounted  tuning-forks,  one  considerably  higher, 
and  the  other,  if  practicable,  considerably  lower,  in  pitch  than 
apparatus  No.  95.  A  single  fork  of  adjustable  pitch  may  take  the 
place  of  several  ordinary  forks.     (See  §  332.) 

No.  XCn.  Two  tuning-forks  of  the  same  pitch,  mounted  upon 
sounding-boxes.     (See  Fig.  228.) 

No.  XCnL  A  bass-viol  bow  for  setting  tuning-forks  into  action. 

No.  XCIV.  A  sonometer  of  simple  form.     (See  Exp.  1,  §  337.) 

No.  XCV.  Two  plates  of  brass,  one  square  and  one  roimd,  each 
about  15  cm.  in  diameter,  for  showing  Chladni  figures  with  sand. 
(See  Fig.  234.)     Each  plate  moimted  ready  for  use. 

No.  XCVL  Organ-pipe  about  2.5  cm.  in  diameter  inside  and 
about  75  cm.  long,  with  side  openings  and  stops  for  illustrating  tlie 
position  of  nodes.     (See  §  340.) 

No.  XCVIL  A  dozen  very  soft  iron  nails. 

No.  XCVnL  A  light,  well-pivoted  magnetic  needle  12  or  16  cm. 
long.     (See  Fig.  238.) 

No.  XCIX.  Simple  dipping-needle.     (See  Fig.  237.) 

No.  C.  Bar  of  very  soft  iron  about  50  cm.  long  and  1.5  cm.  in 
diameter.     (See  §  345.) 

No.  CL  A  dozen  bars  of  thin  hard  steel  like  hack-saw  blades, 
(See  §  348.) 

No.  Cn.  Smooth  rod  of  vulcanized  india-rubber  or  giitta-perchn 
about  30  cm.  long  and  2  cm.  in  diameter.     (Bee  §  353.) 

No.  CnL  A  smooth  glass  tube  about  as  large  as  the  gutta-percha 

^  silk  thread  and  one  of  fine  cotton  thread. 
Lth  balls. 
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No.  CVI.  A  catskin. 

No.  CVn.  A  piece  of  good  silk  as  large  as  a  catskin. 

No.  CVIIL  A  gold-leaf  electroscope,  having  at  the  top  a  flat 
metal  plate  replaceable  by  a  ball  which  is  furnished. 

No.  CIX.  An  electrophorus  20  or  30  cm.  in  diameter. 

No.  ex.  Hollow  metal  sphere  mounted  on  an  insulating  stand 
accompanied  by  a  metal  ball  about  1.5  cm.  in  diameter  mounted  on 
an  insulating  handle  about  15  cm.  long.     (See  Fig.  242.) 

No.  CXI.  A  dissecting  Leyden  jar;  that  is,  a  jar  the  coatings  of 
which  may  be  easily  put  on  or  off.  (See  Fig.  243.)  The  coatings 
should  not  be  painted  or  varnished.  - 

No.  CXII.  A  Leyden-jar  discharger,  with  glass  or  hard-rubber 
handle. 

No.  CXIII.  A  simple  form  of  "  induction "  electrical  machine, 
A'^oss,  Toepler-Holtz,  etc.     (See  §  366.) 

No.  CXIV.  A  brass  chain,  a  meter  or  more  long,  for  connecting 
one  rod  of  the  electrical  machine  with  the  outer  coating  of  a  Leyden 
jar. 

No.  CXV.  A  wire  cage,  vnih.  meshes  about  1  cm.  square  or  finer, 
large  enough  to  cover  the  gold-leaf  electroscope,  and  a  metal  plate, 
or  sheet  of  wire  netting  to  set  this  cage  on.     (See  Fig.  247.) 

No.  CXVI.  A  battery  of  fifty  very  small  zinc-copper  cells,  with- 
out porous  cups,  connected  in  series.  The  cells  are  filled  with 
ordinary  water  when  in  use,  for  charging  an  electroscope.  (See 
§  369.) ' 

No.  CXVII.  A  dozen  sheets  of  thin  paper,  about  20  cm.  square, 
which  have  been  soaked  in  melted  paraffin.     (See  §  369.) 

No.  CXVIII.  A  lecture-table  galvanometer,  having  oblong  horizon- 
tal windings,  within  which  is  placed  a  magnet  pivoted  like  a  dipping- 
needle.  An  index  at  right  angles  with  the  magnet  projects  from 
the  top  of  the  coil  and  moves,  in  a  vertical  circle,  along  a  graduated 
arc.      (See  Fig.  252.) 

No.  CXIX.  Apparatus  for  the  electrolysis  of  water  and  collection 
of  the  component  gases.      (See  Fig.  255.) 

No.  CXX.  A  Daniell  cell  much  smaller  than  No.  101. 

No.  CXXI.  An  electromagnet  showing  a  marked  effect  with  cur- 
rent from  a  Daniell  cell.      (Sec  §  396.) 

No.  CXXII.  A  telegraphic  sounder  and  key. 

No.  CXXIII.  Electric  motor  with  permanent  magnet  for  the 
field  and  coreless  armature,  to  be  driven  by  one  or  two  Daniell  cells. 
(See  Fig.  280.) 
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No.  CXXIV.  Electric  motor  with  electromagnetic  field  and 
armature,  the  latter  having  a  straight  soft-iron  core;  capable  of 
being  easily  changed  from  shunt  to  series  arrangement.  To  be 
driven  by  one  or  two  Daniell  cells.     (See  Fig.  281.) 

No.  CXXV.  Small  fan-motor. 

No.  CXXVI.  A  Ruhmkorff  coil  capable  of  giving  a  spark  2  or 
3  cm.  long  in  air  and  giving  good  results  with  vacuum-tubes. 

No.  CXXVn.  A  set  of  four  Geissler  tubes. 

*  No.  CXXVm.  A  Roentgen-ray  outfit. 

No.  CXXIX.  A  coherer  for  wireless  telegraphy. 

*  No.  CXXX,  A  wireless  telegraph  outfit  including  No.  GXXDL 

MISCELLANEOUS  ARTICLEa 
(a  partial  list.) 
Section  1  (for  the  first  fourteen  Chapters). 

Mercury  for  Exercise  9,  Boyle's  Law. 

Four  pounds  of  assorted  soft-glass  tubing,  from  2  mm.  to  8  mm. 
inside  diameter. 

Six  feet  of  rubber  tubing,  about  3  mm.  inside,  that  will  not  col- 
lapse when  connected  with  the  air-pump. 

Six  dozen  assorted  cork  stoppers. 

An  ounce  or  two  of  very  small  rubber  tubing. 

Piece  of  thin  sheet  rubber  about  6  in.  square,  for  use  with  the 
pressure-gauge  (No.  I). 

Set  of  cork-borers. 

Half  a  dozen  pinch-cocks. 

Hammer,  saw,  brace  and  bits,  screw-driver,  pUers,  files,  nails, 
screws,   etc. 

A  small  vise. 

Sulphate  of  copper. 

Section  2. 

Mercury  to  fill  mercury  well  (No.  LXXIV). 

Three  dozen  assorted  perforated  rubber  stoppers. 

Metal  hack-saws  and  frame,  metal  shears,  wire-cutting  pliers. 

Soldering  outfit. 

Sheet  copper,  sheet  zinc,  sheet  lead,  one  or  two  lbs.  of  each. 

Covered  copper  wire,  1  lb.  of  No.  22,  2  lbs.  of  No.  18. 

Sulphuric  acid,  10  lbs. 

Nitric  acid,  J  lb. 
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LABORATORY  TABLES. 

Pigs  308  and  309  show,  on  a  scale  of  1  to  35,  two  views  of 
a  convenient  laboratory  table.    In  these  bb  is  an  adjustaW? 


Fig.  308. 
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Fig.  309. 


horizontal  bar  bearing  six  projecting  brass  rods;  gg  ^^ 
removable  gas-pipe  with  2  burner  cocks  and  6  cocks  for 
connection  with  rubber  tubes;  r,  p,  r  indicates  a  good 
arrangement  of  apparatus  for  exercises  on  Bending. 
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A  FEW  EQUIVALENTS  IX   THE  EXGLLSH   AND  MKIVM: 

SYSTEMS. 

1  meter  =  1.0936  yards. 

1      "     =3.2809  feet. 

1     "     =39.3705  inches. 
1  kilometer =0.62 14  mile. 

1  gram  =  15.4323  grains  =  0.0353  ounce- 
1  kilogram  =  2.2046  poimds  avoirdupoik 

1  yard  =  0.9144  meter. 
1  foot =0.3048     " 
1  inch  =  0.0254     " 
1  mile  =  1.6003  kilonu^tem. 
1  poimd  avoirdupois  =  0.4536  kilogram* 

1  oimce= 28.35  grams. 

The  following  are  approximate.'  equivalent*! 

1  decimeter =4  inches. 
1  meter       =1.1  yards. 
1  kilometer=f  of  a  mile. 
1  kilogram  —2.2  pounds. 
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0.000057 
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0,000034 

0.12 
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0  000037 
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0,000025 
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APPENDIX  IV. 

VAPOR-PRESSURES  AT  VARIOUS  TEMPERATURES  EX- 
PRESSED  IN  MEGADYNES*  PER  SQUARE  CENTIMETER, 


Temperature 
Onntigrade. 

Alcohol. 

Bisulphide 
of  CarboD. 

Ether. 

Mercury. 

Water. 

0« 

0.017 

0.17 

0.25 

0.0000 

0.006 

10^     . 

0.032 

0.27 

0.38 

0.0000 

0.012 

20^ 

0.059 

0.40 

0.58 

0.0000 

0.023 

30^ 

0.10  + 

0.58 

0.85 

0.0000 

0.042 

40** 

0.18 

0.82 

1.2 

0.0000 

0.073 

50^ 

0.29 

1.14 

1.7 

0.0000 

0.123 

%0P 

0.47 

1.6 

2.3 

0.0001 

0.198 

70^ 

0.72 

2.1 

3.1 

0.0001 

0.310 

80** 

1.08 

2.7 

4.0 

0.0002 

0.472 

90** 

1:6 

3.5 

5.2 

0.0004 

0.701 

100^ 

2.3 

4.4 

6.6 

0.0006 

1.014 

110^ 

3.2 

5.5 

8.3 

0.0010 

1.44 

150** 

9.8 

12. 

0.0045 

4.8 

190*» 

0.018 

12.6 

*  The  megadyne  is  1,000,000  dynes.  To  find,  approximately,  the 
pressure  in  centimeters  of  mercury  column,  multiply  the  pressure  in 
megadynes  per  square  centimeters  by  75. 
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APPENDIX  V. 

VALUE  IX  MILLIMETERS  OF  BROWN  A  SHARPE  WIRE- 

GAUGE  XUMBERa 


Number. 

L 7.348 

2. 6.M4 

3. 5.827 

4. 5.189 

5l 4.621 

6. 4.115 

7. 3.656 

a 3.264 

9. 2.906 

10 2.582 

11 2.305 

12 2.053 

13 1.828 

14.... 1.628 

15.... 1.459 

16. 1.291 


rmmiMrs  ._-_ 

mm. 

17. 1.150 

1& 1.024 

19. 0.912 

20 0.812 

21 0.723 

22 0.644 

23 0.573 

24 0.511 

25 0.455 

26 O.405 

27 0.361 

28 0.321 

29 0.286 

30 0.255 

31 0.227 

32 O.202 
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O 


Fio.  310. 


Proof  that  a^^a^  (see  §  272). 

In  Fig.  310  each  point  of  the  line  TJ'^  represents  by  its 
distance  from  OP  the  volume  p 
which  a  given  body  of  gas  will 
have,  at  temperature  T^,  under 
a  pressure  indicated  by  the 
height  of  the  same  point  above 
OV;  and  the  product  p^v^  is  the 
same  for  all  points  of  this  line 
(Boyle's  Law).  TJ"^  is  called 
the  isothermal  line  T^,  T^^  is 
another  isothermal,  for  the  tem- 
perature Tj,  of  the  same  body  of 
gas.    The  product  p^^^  for  this  line,  is  also  a  constant. 

Let  us  suppose  that  the  line  T^^  is  for  O*'  C.  Let  a  cer- 
tain body  of  gas  be  at  first  in  a  condition  indicated  by  the 
point  a,  in  which  condition  we  will  call  its  pressure  pa  and  its 
volimae  Va-  If  this  body  of  gas  is  heated  at  constant  volume 
to  the  temperature  T^  at  6,  where  its  pressure  may  be 
called  p6,  we  shall  have,  by  the  definition  of  a^  (Exer.  41), 

P6=?>a[l  +  «i(r2-r,)l,    or    P6Va  =  PaVa[l+ai(r,-r,)].        (1) 

If,  on  the  other  hand,  the  gas  is  heated  at  constant  pres- 
sure to  the  temperature  T^  at  c,  where  its  volume  may  be 
called  Vcj  we  shall  have,  by  the  definition  of  a^  (Exer.  42), 

Vc-vl\^alT^-T^\    or  V^v,^V^vil^rCi%(T^''T^l     (2) 
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But  p&i'a  is  Pjt^,  for  the  point  6,  and  paVc  is  p^  for  the 
point  c;  hence  pbVa=PaVe,  and  accordingly,  from  (1)  and  (2), 

PaVa[l+a,(T^-  T^]=PavJl+a^{T^-  rjl 

whence  ai= a,. 

Proof  that  ^=^con8tafU  {aee  §  275). 

Let  TJ'i,  Fig.  310,  be  any  isothermal  line,  not  necessarily 
for  0°  C,  and  T-JTi  ^^Y  higher  isothermaL  According  to 
eq.  4  (§  275)  we  have 

^=nr,    or,  smce  Va=«fe,    "^  =  V-       •    (^^ 

Pb       it  PbVb        1% 

ButpaVa=PiVi,  and  p&t;6=ftV2>  and  so  from  (3) 

PtvTT,*  T^-T,'  •    •    •    •   W 


INDEX. 

Aberration,  rhromatir.  1U7  l'>\  iz. "  w-.-m..  ■     -^    »*;.  , 

spherical,  107  '    •  *    *:S 

Absolute,  units  of  force,  257  i*'*'  r.'.-"''    ^ 

zero,  \VM\  i.-..  •  ^.    ?* 

Absorbing  power,  892  :.-:/.    •          ^ 

Acceleration.  26<)-2«4  T.--.-.     -    U 

Achromatic,  lens,  198  l*»'i--.-     •    i  ••           •-•%•.• 

prism,  188  j:y    :,- 
Action      and     reaction,     f'ha;.,       i>i'-    '  -.  .   i  •    * -..-.lU    ■  -* 

XVIII  />..  ••  -    ..  o*    V*' 

Adhesion,  56  fvr^:.- /   ia»-  :x' 

Air,  density  of,  51  H-i*-  ••*-„-':■.  :.••-    >% 

expansion  of,  38<>  fi.:.^-  f  .^•iF'iii^!/  .•.  i'^ii*^, 

A.ir-thermometer,  384  B^  i.lr./.  Jt"^ 

A.lternating  current,  524  ft» :  '-.jr  •*-»-.••    a    '■.    '" 

A.malgamating,  465,  468  B^.y^--  ;ir    «»    .  :.    ■  .-.     *' 

implore,  475  Hr***.^/^ -«■•:.■' i  *i«  ^-'.* 

impere,  the,  475  f  i  -  v.    '  ^    ^    >•• 

ingle,  critical,  179  R..-.-*^!i   /a  ■  i^    *      <"- 

of  incidence,  155  >-;»  --*,«x^"-*^»-'    «*i 

of  reflection,  155  -■■.*>^ '«**'•*''     ••' 

of  refraction,  173  R..c^"-  7    ^^-  •'  ■•'    -^ 
inode,  466 
Apparatus,  for  students  UA#r,  TCs;^  '  ^  *-«'^  *->y  7    ^■ia'y    ^  Z;: 

for  teacher's  use,  W8  r%K>--n    -.->#••;-»    :i 

Irago,  505                           ^  .      ;'■ '''-r.-toau'    3ft4 

Irchimedes,  prineiplf '^'  ^^  r*M..Ar7  v^.i.n    <' 

Vrea,  measuremen*''''  ^  '-^y**fAn   *^ 

Armature,  512-5r«  ^*r.v>i«^    m 
Atmosphere  )*^^f"t  of,  42 

Ltmo*"'^*-*^*^  pressure,  34,  3T-4f*  ;.r:nA-/  »r.i  ^r.* ',««,- 

^tpois,  467  C^.'.mp?.*-  rrvn  ^.-..n^    .- 

.ttwood's  machine,  260  ;              --^f  i-i;i-   iv; 

Lxis,  65,  79  ,   r*afr»  '-.f  rir-t:  ;-.♦    :.a 

oflf^s,  185  1      ..£.u>«.    r-'.'; 

ilance,  errors  of  spring-,  101  l^'Sn^,^^,   j^-     ^ 
theory  of ,  96  ^^^^^^^.-----T        of  ^a^ -,'.,. ^^  ,^„    ^^ 
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INDEX. 


Chladni's  figures,  423 
Chromatic  aberration,  197 
Circuit,  electric,  Chap.  XXX 

closed,  opKjn,  463 
Coherer,  530 
Cohesion,  66,  222 
Collision,  276-279 
Color,  and  wave-length,  140 

perception  of,  201 
Colors,  complementary,  202 

of  opaque  bodies,  148 

of  transparent  bodies,  147 
Columns,  balancing,  35 
Combinations  of  cells,  501 
Commutator,  480 
Compensating  pendulum,  823 
Components  of  a  force,  83 
Composition  of  forces,  116 
Condensation,  of  gases,  363 

of  vapor,  362 
Condenser,  electric,  450 
Condensing  electroscope,  462 
Conductance,  492 
Conduction  of  heat,  301 
Conductors  of  electricity,  443 
Conjugate  foci,  188 
Constaiwfs,    table    of    physical, 

App.  til 
Convection  oii^eat,  305 
Cooling,  by  evaporation,  365 

by  expansion,  3«;; 
Counter  e.  m.  f .,  519 
Couple,  90,  Chap.  VIII 

arm  of,  122 

moment  of,  122 
Couples,  applications  of,  123 
Critical  Jnagle,  179 
Crookes  tubei*,  fi26-528 
Crova's  disk,  404 
Cryophorus,  367 
Curvature,  centre  of,  159 

Dalton's  Uw,  261 
Daniell  c*ll  471 
Davy  (Sir  Humphry),  299,  505 
safey-lamp,  304 

of -gases,  50 
of  v^ter  16,29 


x%t 


I  Discord,  417 

.  Dispersion  of  light,  188 

I   Distance,  measurement  at  3 

Distillation,  364 

Draft  of  a  stove,  338 

Dynamo,  518--521 

Dyne,  256 


Ear  trumpet,  407 

Earth's  magnetic  poles,  411 

Echoes,  407 

Elasticity,  225-234,  236^8» 

limit  ot  226,  241 

modulus  of,  226 
Electric  charge,  prodnctioa  oC 

441,  447,  452,  462 
Electric  current,  dlscossionoC 
463 

measurement  of,  475-479 

strength  of,  463,  475 

work  of,  486 
Electric,  capacity,  449 

charge,  441,  452,  456 

circuit.  Chap.  XXX,  483 

condenser,  450 

current,  468 

induction,  445 

lamps,  521 

potential,  449 

power,  486  _^,,„-. 

resistance.  Chap.  XXXII 
Electricity,  Chap.  XXIX 

nature  and  kinds  of,  441-443 

Electrification,  440 

Electrodes,  466 

Ji;w.rolysis,  467 
Electi^ly^g  4gy 

Electron!,  ^eti^j  induction,  486 

517 

theory  of  li^lit  529 

Electromagii^l-igni.  Chap. 
XXXIII  ^ 

Electromotive  force,  oiwtery 
484 
thermo,  486 
unit  of,  486 
Elect  rophorus,  446 
j  Elongaiiou^?*^t44L.462 
1  Vnerunr.  Chap.  XIX 
»  -*uin  of,  291 


INDEX. 
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Energy,  internal,  293 

kinetic  and  potential,  288 
of    motors    and    dynamos, 

510,  519 
radiant,  Chap.  XXVII 
tendency  to    become  heat, 
378 
English  and  metric  units,  App. 

II 
Equilibrant,  definition  of,  82 
Equilibrium,  63,  64 
stable,  etc.,  94 
Erg,  289 
Errors,  5,  8 

Ether,  luminiferous,  390 
Evaporation,  cooling  by,  365 
Expansion,  with  rise  of  tempera- 
ture. Chap.  XXI 
coefficient  of,  in  gases,  332, 

563,  App.  VI 
coefficient  of,  cubical,  324 
coefficient  of,  linear,  318 
Eye,  200,  201 
Eyepieces,  208. 

Palling  bodies,  laws  of,  259-262 

Faraday,  363,  466,  529 

Field-magnet,  512 

Films,  liquid,  58 

Floating  bodies,  specific  gravity 

of,  23 
Fluid-pressure,  Chap.  Ill 
Fluids,  definition  of,  27,  217 
Focal  length,  of  lenses,  186,  190, 
196 

of  mirrors,  162,  169 
Foci,  conjugate,  188 
Focus,  principal,  of  lens,  185 

of  mirror,  102,  166 
Foot,  relation  to  meter,  App.  II 
Force,  definition  of,  63 

units  of,  256 
Forces,  composition  and  resolu- 
tion of,  116 

equilibrium  of,  63,  64 

laws  of  parallel,  77-82 

parallelogram  of,  Chap  VII 

representation  of,  65 

triangle  of,  117,  118 
Freezing  mixtures,  350 
Fresnel,  227 


Friction,  Chap.  IX 

Friction    machine    for   electric 

charge,  452 
Fulcrum,  definition  of,  65 

force  at,  76 
Fundamental  tone,  420 
Fusion,  348 

change  of  volume  in,  349 

latent  heat  of,  350 

Galvani,  460 

Galvanic  cell.  Chap.  XXX 

single-fluid,  464 

terms  relating  to,  466 

two-fluid,  470 
Galvanometer,  478 

astatic,  482 

lecture-table,  485 
Galvanoscope,  464 
Gamut,  418 
Gases,  compressibility  of,  40 

condensation  of,  363 

cooled  by  expansion,  875 

density  of,  50 

pressure  of,  88,  89 

p,  V,  T,  law  of,  App.  VI 
Geissler  tubes,  526 
Gilbert,  440 
Gram,  deflnition  of,  11 
Gravity,  Chap.  VI 

centre  of,  69,  92 

specific,  18 
Guericke,  Otto  von,  52 

Harmonics,  420 

Harmony,  417 

Heat,  Chaps.  XX-XXIV 

and  temperature,  801 

as  ener^,  294,  340 

conveyance  of,  301-806 

latent,  850,  865 

mech.  equiv.  of,  373 

production  of,  298 

specific,  341 

transformation    of.     Chap. 
XXIV 

unit  of,  841 
Heat  energy,  avaHal^flUty  of,  378 
Heat-engines,  876,  SIB 
Heating  by  steam,  870 
Helmholtz,  169,  201 


S«8                                      mOEX.                                      ^1 

Herl7.,  637.  5» 

Lever,  circular,  68                   ^^M 

classes  of.  73                       ^H 

SS 

laws  of.  74,  77,  87            ^H 

Horw-powcr.  288 

plectriral,  487 

Leyden  jar.  450,  466  ^M 
Light,  absorption  of.  134          ■ 

Hvdrostntic  presa,  33 

HyitrnstaticB,  Chap.  lU 

nature  of,  138-140,  890,  B» 

nygrometer,  862 

reflecliua  of.  Chap.  XI 

refraction  of.  Chap.  XII 

Ice-boai.  115 

velocity  of,  1S9 

lUuminalion,  measure  of,  145 

wave  length  of,  140 

Image,  atler,  SOS 

weakening    with    distance, 

of  image,  166 

144 

re«l.  15B.  IBl 

Lightning,  protection  from,  46S- 

virhial.  155,  IM 

459 

Inch,  relBtiun  to  cm.,  App.  11 

Lines  of  mngnetic  force,  4S6  ^M 

Inclined  plane,  109-112 

number  of,  51(1                ^^1 

Incident  angle,  155 
Index  of  refraction.  174 

Liquid,  37.  317                       ^H 

Liquids,  pressure  of,  86-38      ^H 

Induced  currents,  616 

specific  gravity  of,  86       ^M 

Induction-coil,  408 

Locomotive  "link,"  884          ^H 

Induction,  electric,  445 

Loudness,  413                            ^M 

Indnclion   machine  for  electric 

Machines,  65                           ^M 

charge,  453 

Magdeburg  hemispheres,  S3   ^H 

Mailc  lantern,  206                  ^H 

Inertia,  847-249 

Magnetic  compass,  4S0            ^M 

InfiUlfttora  for  electricity,  448 

dip,  481                               ^H 

Inverse  square,  law  of,  144,  407, 

field,  435,  438,  613             ^™ 

433 

linos  of  force,  435,  481,  619 

lona,  467 

needle,  480 

Iron  and  steel,  233 

poles,  431.  438.  438 

Magnetism.  Chap.  XXV  lU 

Jack-screw,  113 

theory  of,  486                   ^M 

Joule,  340,  373 

Magnetization,  420  ^H 
Magnett*.  429  ^H 
Marconi,  580                         ^H 

Kaleidoscope,  158 

Mariotte'fl  bottle,  41                 ^^ 

Laboratory,  tables,  558 
supplies,  557 

Mass,  17,  249 

unit  of.  358,  356 

Ladder,  scaling-,  126 

Masses,  acceleration-test  of.  251 

Lamps,  electric,  531 

Matter,  methods  of  measuring. 

Lantern,  magic,  805 

860                               JB 

Latent-heat,  of  melting,  360 

MaxweU,  539                         ^M 

of  vaporization,  865 

Melting  (see  Fusion).  S48      ^M 

Leclanche  cell,  473 

pomts.  848,  App.  lU     ^M 

Lenard,  527 

Metals,  fatigue  of,  243            ^^ 

Lens,  184-198 

Meter,  relation  of  to  foot,  App. 

achromatic,  108 

11 

Lenz.  law  of,  530 

Metric  system,  App.  II 

^^  J«ra-,  Qbuji.  y 

I,  mwwMiyi,  207-809  ^^^^. 
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IDrron,  cmred,  109-170 

plane,  151-158 
Molecular  attractions.  Chap.  IV 
Molecules,  66,  467 
Moment,  of  a  couple,  122 

of  a  force,  74 
Moments  of  forces,  balaniri;  of, 

78-82 
Momentum,  257 

before  and  after  collision, 
275 

and  kinetic  energy,  203 
.  Morse's  alphabet,  606 
Motion,  Chap.  XVI 

first  law  of,  64 

second  law  of,  257 

third  law  of,  280 
Motor,  electric,  510-516,  518 
Musical,  intervals,  418 

sound,  409 

Newton,  law  of  gravitation.  26r» 
first  law  of  motion,  64 
second  law  of  motion,  2«'i7 
third  law  of  motion,  280 

Kod«s,  421,  425 

Objectives,  208-211 
Octave,  418 
Oersted,  505 
Ohm,  the,  489,  601 
Ohm's  law,  488 
Oil  on  water,  60 
Ophthalmoscope,  168 
Optical,  centre  of  lens,  185 

instruments,  Chap.  XIV 
Organ-pipes,  424 
Overtones,  420,  426 

Parallel  rays,  188 
Parallelogram,  9 

of  forces.  Chap.  VII 
Pascal,  d4 

Pascal's  principle,  31 
Pendulum,  266-371 

gridiron,  823 
Pendulum-motion  and  '' g"  267 
Penumbra,  143 
Photometry,  145 
Physical  state,  changes  of.  Chap. 
XXIII 


PhynliN.  (Irrtittllon  of.  1.  447 

Pltrii.  iiiiiNlittl.  4U 

Planf?  iiilrror*.  161 

Pliimli  liiir.  Ul 

I'o^^ftiflurlT  t-rll.  Vt\\ 

PoiiilN,  fllnrlmrgtiii,' mlitai ^>l. 447 

i'olHri/nllMti  III  «i  11.  4tlh.  4M 

l'ort«--liiiiilf'^rii.  Wi7 

i'oti-tiLinl.  rlni  irir.  44U 

I'ouilil  forrr,  JOtl 

PoUflflul,  Ufl} 

|'n*nMliri\  ill  ISHni'n,  MH,  H9 

111  iiiiiiiiU.  UH  mi 

Prllirlpllf  ihIb.  tif  li'll*.   IHA 

of  iiiliror.  I  (Ml 
l'riliril»Hl  fnniii,  of  ItttlH,   IH.% 

of  mirror.  Hl'J.  166 
I'rlHfii,  IHI,  1M2 

iirlirnliiulic,    IHH 
I'roJiTtlnii    of     iiiiH^*M    niid    of 

Mprctriiiii,  206 
l*ii!!«-yM,  HJi  H6 
I'litiipM,  f<»r  tfiiMi'H.  46-40 

for  liiiuMH.  45.  46 

Quality  of  inUHiciil  tonus,  419,  426 

Radiant  energy,  Chap.  XXVII 
Kadiating  power,  391 
Radiation,  306 
Rays  of  light,  141 

parallel,  188 
Reflection  of  light.  Chap.  XI 

law  of,  154 

total  internal,  179 
Refraction  of  light.  Chap.  XII 

angle  of,  150 

index  of,  174-178 
Resistance,   electric,    Chap. 
XXXII 

of  battery,  500 

of  conductors  *•  in  parallel," 
492 

of  whole  circuit,  501 

specific,  489 

temp.-coeff.  of,  498 

unit  of,  489 
Resistance-coils,  494 
Resolution  of  force,  116 
Resonance,  412 
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Resonators,  419 

electrical,  529 
Kesultant  of  forces,  83 
Roentgeu  rays,  527 
Rowland,  374 
Ruhmkorff  coil,  4C^ 
Rumford  (Count  ),-298 

photometer  of,  145 

Safety -lamp,  304 

SaJl-boat,    forces    actmg  upon, 

114 
Saturated  vapors,  858 
Scaling-ladder,  126 
Screw,  112,  113 
Screw-calipers,  219 
Shadows,  142 
Shot,  specific  heat  of,  344 
Siphon,  45  . 

Solid    bodies,    properties    of, 

Chap.  XV 
Sound,  Chap.  XXVII 

reflection  of,  407 

refraction  of,  408 

velocity  of,  401,  402,  426 

waves  of,  402 
Specific  gravity,  definition  ot,  18 

formulas,  20 

methods  of  finding,  20-25 
Specific  heat,  341  ^ 

Specific  inductive  capacity,  4ol 
Specific  resistance,  489 
Spectra,  of  different  substances, 
394 

absorption,  395 
Spectrum,  183 

analysis,  394 

projection  of,  206 
Spherical  mirrors,  167,  168 
Spring-balance,  errors  of,  101 
Springs  iu  watches,  272 
Stability,  93 

of  floating  bodies,  97 

Standards,  5 

Steam-engine,  Chap.  XXV 
Steam-heating  of  buildings,  370 
Steel,  varieties  of,  223 
Stereopticon,  205 
Stiffness,  laws  of,  234 
Storage-cell,  466,  473 
Strain,  definition  of,  225 


Strength,  breaking,  limit  of  in 

bar,  124,  235,  240 
Stress,  definition  of,  225 
Strings,  vibrations  of,  422 
Sun,  energy  of,  376 
Surface-tension,  Chap,  rv 
Sympathetic  vibrations,  413 


Telegraph,  507,  529 
Telephone,  508 
Telescope,  210,  211 
Temperature     compared    witn 

heat,  801 
Tenacity,  218-224 
Thermal  capacity,  341 
Thermo-electric,  current,  487 

force,  486  ^^ 

Thermometer,  "absolute,    *Jo 

air-,  334 

mercury-,  311,  834 

scales,  316,  335 

solid  metal,  323 

testing,  314 
Thermometry,  Chap.  XAl 
Thermopile,  891 
Toepler-Holtz     induction  *  ma- 

chine,  453 
Tone,  fundamental,  420 
Torricelli's  barometer,  34 
Torsion,  236-240 
Transformers    of    electric   cur- 
rent, 524 
Trevelyan's  rocker,  324 
Triangle  of  forces,  117,  118 
Tubes,  friction  in,  135 
Tuning-fork,  pitch  of,  415 

Umbra,  142 

Units  of  measurement,  5 

derived,  255 

fundamental,  255 


Vacuum-tubes,  525 
Vapor,  atmospheric,  361 
Vaporization,  354 

latent  heat  of,  365 
Vapor-pressure,  356,  App.  IV 
Vapors,  mixed  with  gases,  361 

non-saturated,  358 

saturated,  858 


57^t 


of  £M  3iir*di'it%  nit 

of  2irad  :.«K 

of  iiiimif.  mi.  4^ltL  «!H 

Vlaibilnrr.  liT 
Tol:,  -fisft 


Water,  d*QKrr  :1  :•?.  2> 


"tijftz^i:*! 


Water- c*."'*rT,  *t: 


.f  n&iiiwic  jiwr:;!;^.  '^^ 
W:f<  :ti 


•1 


FERNS 


Waters*  FERNS 

A  Manual  for  the  Northeastern  States.    By  C.  E.  Waters, 

Ph.D.  (Johns  Hopkins).     With  Analytical  Keys   Based  on 

the   Stalks.      With   over   200   illustrations  from  original 

drawings  and  photographs.     362   pp.      Square  8vo.     $3.00 

net,     (By  mail,  $3.34.) 

A  popular  but  thoroughly  scientific  book,  including  all  the 
ferns  in  the  region  covered  by  Britton*s  Manual.  Much  in- 
formation is  also  given  concerning  reproduction  and  classifi- 
cation, fern  photography,  etc.  The  illustrations  include  a 
series  of  enlarged  photographs  of  the  fructification  of  our 
genera  of  ferns. 

Prof,  L.  M,  Underwood  of  Columbia: — *'It  is  really 
more  scientific  than  one  would  expect  from  a  work  of  a  some- 
what popular  nature.  The  photographs  are  very  fine,  very 
carefully  selected,  and  will  add  much  to  the  text.  I  do  not 
see  how  they  could  be  much  finer." 

The  Plant  World: — ''This  book  is  likely  to  prove  the 
leading  popular  work  on  ferns.  The  majority  of  the  illus- 
trations are  from  original  photographs;  in  respect  to  this 
featiu^  it  can  be  confidently  asserted  that  no  finer  examples 
of  fern  photography  have  ever  been  produced.  Dr.  Waters 
brings  to  his  work  fifteen  years  of  experience  in  field  and 
herbarium  study,  and  the  book  may  be  expected  to  prove  of 
permanent  scientific  value  as  well  as  to  satisfy  a  want  which 
existing  treatises  have  but  imperfectly  filled." 

Underwood's  OUR  NATIVE  FERNS  AND  THEIR 
ALLIES 

With  Synoptical  Description  of  the  American  Pteridophyta 

North  of  Mexico.     By   Prof.    Lucien  M.  Underwood  of 

Columbia.     Revised,     xii-j-i56pp.     i2mo.     %\,QOnt>^^_ 

Bulletin  of  the  Torrey  Botanical  Club,  N,  F..-— ""  •' 
elementary  part  is  clear  and  well  calculated  to  introduce  be- 
ginners to  the  study  of  the  plants  treated  of,  The  excellent 
key  makes  the  analysis  of  ferns  comparatively  easy.  The 
\v:it?r  cordially  commends  the  book.  It  should  be  in  the 
lia]j  s  if  all  who  are  especially  interested  in  the  vascular 
^O'i     t^ams  of  the  United  States." 

Flcnry  Holt  and  Company 

New  York  Chicago 
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NORTHERN  STATES  AND  CAMADA. 


Ihau&nd  pasts,  cnaiahaag  about  4,500 
tlian  any  oEher,  It  U  desigqed  to  moBl 
BDdcm  requinmeiUB  and  nutllne  modem  concepSuiia  of  the  science.  It  is 
bued  on  An  IISHslralid  Flora,  prtpartd  by  Prol.  Brillan  in  ui-epenlidti 
nilh  Judgo  Addimn  Brown.  The  lal  hiabecn  reviaidand  brought  up  io  djli, 
■nd    much   of   oovclty   hai  been    added.        All  illuiUUioiu   oce   omitled,  bill 


implele  and  reliable  wort  that 


Colu 

"  Thia  wort  willat  once  lake  its  place  a>  the  standard  manual  of  the  tegiot 
.    that  it  covert     II  b  far  superior  Co  any  other  workol  its  class  ever  published  it 
Anehca."— Prof.  Conway  MacMillao  of  University  of  Minnesota. 

"Thia  boolc  muil  at  once  lind  Its  nay  Into  the  schools  and  colli 
"  It  [1  nothing  if  it  is  not  compact ;  It  Is  DotbinK  if  i 


—Prof.  Chat 


hii 


re  that 


"  The  work  is  well  done :  and  as  it  is  the  otJy  vokniE  nhicb  gives  In  a  v^ 

"  I  regard  the  book  u  one  that  we  cannot  do  without  and  one  that  will  henc*- 
lorth  lake  lis  place  as  a  necessary  means  of  deletmioation  of  the  plant  spec'ej 
within  its  range,"— Prof.  V.  M.  Spalding  of  Unlveraltr  of  MJchigBD. 

"An  eiceedinglyvaluable  contribution  to  our  botamcaT liteiature.  ,  .  .  llll 

—Prof.  T,  j.  Butrill  of  the  University  of  Illinois. 

HENRY  HOLT  &  CO.,  aw  W«i«ih  Av«nne,  CUg«c* 


